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Abstract
Luminescent solar concentrators (LSCs) improve solar cell performance by transform-
ing the spectrally broad and partially diffuse solar spectrum into a spectrally narrow and
focused light source, which is then concentrated onto a small-area solar cell. However,
LSCs do not currently reach their full concentrating potential due to losses in the system
that prevent luminescent light from reaching the edge of the concentrator, including light
scattering and coupling to the escape cone.
In order to reduce escape cone losses within LSCs, nanophotonic structures were de-
signed for concentrators with CdSe/CdS core/shell nanocrystals. Using a combination of
Monte Carlo ray-tracing simulations and FDTD simulations we show that concentration
factor improvements of 3.7 times the standard concentrator are achievable when spectrally-
selective mirrors are placed on top of the LSC. Further enhancements to the optical effi-
ciency are possible when the emitted light is controlled either by a phase gradient meta-
surface or the directional emission of a nanophotonic stack of alternating high and low
refractive index layers. Finally, we show that directional emission is also expected for a
nanoscale thin film LSC on glass, which can also be fabricated by embedding CdSe/CdS
in poly (cyclohexylethylene), a new polymer for LSC applications.
To reduce scattering losses for LSCs, new surface ligands have been proposed for Si
nanocrystals that improve dispersion in polymer matrices. In this collaboration, I charac-
terized Si/poly (methyl methacrylate) composites and showed that the scattering losses are
reduced by six fold using these new surface ligands when compared to previous methods.
The design criteria established in this work demonstrate that nanophotonic structures
can control the optical transport in LSCs, and that low scattering quantum dot/polymer
composites are essential to realize high performance. The ability to control the light guiding
properties in LSCs is crucial for high quality LSCs and future commercial implementation.
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Solar energy is currently experiencing a boom in implementation in the United States.
It is estimated that 10.6 gigawatts of solar capacity was installed in 2018 bringing the total
solar capacity installed in the US to 64.2 GW [3]. However, even with this dramatic in-
crease in capacity, solar energy still only produces approximately 2% of the total electricity
generated in the United States. Further deployment of solar harvesting technology can be
realized with designs that reduce the cost to performance ratio, and allow for installation in
non-traditional areas such as cloudy locations or the vertical facades of buildings.
One of the challenges to improving the cost to performance ratio of solar energy con-
version is inherent to sunlight: 3 - 5% of the incident solar spectrum consists of ultraviolet
radiation that is not converted efficiently by the solar cell, and between 15 and 100% of the
sunlight is diffuse (Figure 1.1), meaning that it hits the solar cell at all angles of incidence.
As the incidence angle of sunlight increases more of the light is reflected off of the top sur-
face of the solar cell and not converted to electricity. Therefore, broadband and broad angle
solar illumination places significant constraints on solar cell design, performance, and in-
stallation. For example, a photovoltaic panel would not efficiently convert incident solar
energy when installed on the side of a building without a device that tracks the position of
the sun.
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Figure 1.1: Schematic of direct (a) and diffuse (b) solar radiation
Figure 1.2: Photograph of LSC under visible (a) and ultraviolet (b) illumination.
Luminescent solar concentrators (LSCs) are an alternative solar cell concept that ad-
dresses these challenges. LSCs transform the spectrally broad and diffuse solar spectrum
into a spectrally narrow and focused light source that couples sunlight onto a small so-
lar cell [4–10]. In this way, the LSC collects sunlight over many wavelengths and more
incident angles due to the lower refractive index of the LSC compared to the solar cell.
However, the solar cell only has to operate over a restricted range of colors and angles,
thereby increasing the conversion efficiency [11, 12]. A photograph of the light guiding
properties of LSCs is shown in Figure 1.2.
The LSC consists of a polymer matrix with an embedded luminophore typically fabri-
cated as a bulk composite [13,14] or a thin film on glass [15,16]. The luminophore absorbs
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Figure 1.3: Schematic luminescent solar concentrator operation.
incident sunlight and subsequently emits light at a longer wavelength. This luminescent
light propagates through the waveguide via total internal reflection to an edge-mounted so-
lar cell. A schematic of the mechanism of light concentration for a LSC is shown in Figure
1.3. The LSC holds many advantages over traditional photovoltaic panels, including color-
ful and transparent form factors for building integrated photovoltaics and operation under
both direct and diffuse illumination conditions [17, 18]. Although LSCs have been studied
for many years, recent performance advances have been largely driven by the development
of new and tunable luminescent materials [1, 13, 14, 19–27].
The geometry of a LSC allows for the collection of sunlight over a large area, but only
uses the small area on the edge for solar conversion to electricity. This significantly de-
creases cost, as the polymer waveguide is much less expensive to manufacture than the so-
lar cell semiconductor. In addition to decreasing cost, the LSC also increases performance
of the solar cell, as the light interacting with the solar cell has an intensity greater than
incident sunlight. This leads to an increase in short circuit current density and open circuit
voltage, which increases the total power that can be extracted from the solar cell [28].
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1.2 LSC Impact
1.2.1 Solar Cell Performance
Luminescent solar concentrators increase the flux on the solar cell through absorption
and re-emission of incident sunlight into a polymer waveguide. The increased solar cell
flux increases the short circuit current density as a larger number of photons are incident
on the solar cell as compared to the flux it would observe normally. Along with an increase
in short circuit density the open circuit voltage is increased [29].




In this equation VOC is the open circuit voltage, n is an ideality factor corresponding to
the main type of recombination in the solar cell, and kT
q
is the thermal voltage. The ther-
mal voltage is made up of k, Planck’s constant, T , the temperature of the cell, and q, the
elementary charge. Finally X is the concentration factor. Therefore, as the concentration
factor is increased the short circuit current density and the open circuit voltage will be in-
creased, which will also increase the maximum power that can be extracted from the solar
cell [29].
Pmax = VOCISCFF
In the above equation Pmax is the maximum power that outputted from the cell, ISC is the
short circuit current, and FF is the fill factor, which is a factor that accounts for how much
of the theoretical maximum power is extractable in a given solar cell. This increase in Pmax





Where Pin is the power put into the solar cell. This increase in efficiency does not break
the limits defined for a single junction solar cell by Shockley-Queisser as concentration of
incident sunlight is a term used in their initial calculation [30]. The efficiency limit of a
single junction solar cell increases to 40% for a 45,900 concentration factor [31].
Along with concentrating the incident light onto the solar cell mounted at the edge.
LSCs also downshift the incident solar spectrum into a light source that can be absorbed by
the solar cell with reduced thermalization losses [32]. These thermalization losses usually
contribute to heat in the solar cell, which reduces overall efficiency through the following
equation [33].
η = η0 ·
(
1 + β (T − T0)
)
Where η is the efficiency of the solar cell, η0 is the initial efficiency at a given temperature,
and β is constant dependent on the solar cell material. For crystalline silicon solar cells
β is approximately −0.4% 1
K
. Finally T and T0 are the current and initial cell tempera-
tures respectively. For example, a back-of-the-envelope calculation shows that using Si as
a luminophore in a luminescent solar concentrator will significantly modify the spectral
characteristic of the light shining on the solar cell to better match the spectral response of
the silicon solar cell. This modification, seen in Figure 1.4, is predicted to improve the solar
cell efficiency by 33% due to the improved spectral matching and reduced thermalization
losses [34].
1.2.2 Harvesting Sunlight from Vertical Facades
Traditional solar cell modules are opaque slabs that are best suited for installation in
large solar fields or on roofs of commercial and residential buildings. While, this is useful
for large scale distributed power systems, this may be a major issue for onsite and inte-
grated power collection. Many onsite power collection applications have aesthetic or size
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Figure 1.4: Utilizing Si luminescent nanocrystals modifies the light source on the silicon solar cell
from the incident solar spectrum (gray) to the emitted light from the Si nanocrystals (black), which
better matches the spectral response of the silicon solar cell (blue).
constraints that make traditional solar panels undesirable for the design [35–39].
Of these onsite applications, developing technologies that can be integrated into new
and existing building materials would produce the greatest amount of energy and increase
the likelihood of widespread solar adoption. If solar harvesting designs can be created using
translucent or transparent materials then building-integrated photovoltaic (BIPV) technolo-
gies can be utilized in more than just rooftop installations. For buildings of even a modest
height, this will increase the solar harvesting area without dedicating any extra land. This
would be especially attractive for urban areas as much of the land is dominated by tall
buildings with small roof areas, but large facade areas. In order to implement solar harvest-
ing technology on the vertical facades of building we must have a design that has tunable
transparency as windows cover a significant fraction of the sides.
LSCs would have a large impact in this application as the separation of incident light
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absorption and electron-hole pair generation means that the doped polymer can be used as
the visibly transparent sunlight harvester while the solar cells can be mounted in the win-
dow sills to produce electricity. With a judicious choice of luminophore the transparency
of the window harvester can be tuned in order to effectively produce electricity without
blocking resident’s views.
As a case study, a series of back-of-the-envelope calculations were performed for LSCs
using Si NCs as these non-toxic nanocrystals have an absorption spectrum well-suited for
a visibly transparent harvester. Even in the modest case where the LSC only guides 3% of
the incident light due to a non-unity quantum yield, a window with a visible transparency of
65% can produce 5.5 kWh/m2 per year, enough to power a light bulb by itself. However, if
optical and synthetic techniques are used to improve the quantum efficiency of the nanopar-
ticle and trap the emitted light then a power output up to 47 kWh/m2 could be achieved in
this design. A schematic of these different window scale concentrators are shown in Figure
1.5.
This could have a large impact on energy consumption needs in the US as if these
windows were used to cover the vertical areas of commercial buildings in the US, then
the energy produced would be enough to power up to 12 million homes and reduce CO2
production by 3.6% from electricity generation [40].
1.2.3 Thermodynamic Concentration Factor Limit
LSCs have the capability to usher in a new era of cheap concentrated photovoltaic
technology. In the thermodynamic limit the concentration of a LSC depends on the Stokes
shift of the luminophore, which is the difference in energy between the maxima of the
absorption and emission spectra. This relationship means that LSCs have the capability to
achieve higher concentration factors than even current direct concentrating technology [8].
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Figure 1.5: Schematic demonstrating the light guiding and visible transparency predicted for our
current best Si LSC (a) without optical designs to improve performance. (b) shows the
improvement to light guiding predicted by improving the quantum yield of the luminophore and
adding nanophotonic designs to improve trapping. (c) predicts the further increase in power that







In this equation C is the concentration factor, ν1 and ν2 are the frequency of absorption
and emission respectively, T is temperature, h is Planck’s constant, and K is Boltzmann’s
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constant. As seen in this equation large concentration factors are achievable if the incident
sunlight is sufficiently downshifted by the luminophore. However, to date best concentra-
tion factors are limited to approximately 30x due to the loss mechanisms in the system,
which will be discussed in further detail in Section 1.5.
1.3 Components of LSC Operation
1.3.1 Absorption and Emission by Luminophores
Incident sunlight that reaches the luminescent volume of the LSC may be absorbed by
the luminophores embedded within the polymer matrix. The fraction of light that is ab-
sorbed by the luminophores depends on the absorption spectrum of the luminophores cho-
sen and the loading fraction within the polymer composite. More detail on luminophores
used in LSCs will be given in Chapter 2. Quantitatively the fraction of light absorbed by
the luminescent volume is given by Beer’s law [41].
A(λ) = 1− e−(λ)tc
Where (λ) is the absorptivity of the luminophore, c is the concentration of the luminophore
within the polymer, and t is the thickness of the luminescent layer.
If the light is absorbed by the luminophore it promotes electrons in the ground state of
the luminophore into one of excited states. Electrons in this excited state can then relax
to the lowest level of the excited state after which they relax to the ground state either
through a radiative transition, which produces a photon at a longer wavelength than the
photon absorbed or through a non-radiative transition due to possible defects in the material
[42, 43].
Light that is emitted from the luminophore is emitted isotropically. Therefore, a portion
of the emitted light escapes out the top or the bottom face of the LSC, but a majority of it
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is trapped within the polymer waveguide due to total internal reflection. The expected light
trapped by total internal reflection is dependent on the refractive index of the waveguide
[44].






1.3.2 Interaction with Waveguide Interfaces
Light that is emitted into the total internal reflection modes has a unity coefficient of
reflection when it interacts with the polymer/air interfaces of the waveguide. In this way, all
the incoming light is reflected back into the waveguide and continues to propagate towards
the solar cell. For light that is not emitted into the total internal reflection modes a fraction
of the incoming light is refracted into air and a fraction is reflected back into the waveguide.
These fractions are calculated using Fresnel equations.
Rs =
∣∣∣∣n1 cos θi − n2 cos θtn1 cos θi + n2 cos θt
∣∣∣∣2
Rp =
∣∣∣∣n1 cos θt − n2 cos θin1 cos θt + n2 cos θi
∣∣∣∣2
In these equations, n1 and n2 are the refractive indices of the old and new media respec-
tively, θi is the angle that the incident ray makes relative to the normal of the interface, and
θt is the angle that the transmitted ray makes relative to the normal of the interface. This is
calculated using Snells law [45].
n1 sin θi = n2 sin θ2
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1.3.3 Interaction with Mirrors
Sometimes mirrors are placed on the non-solar cell interfaces of the LSC in order to
better trap light within the concentrator. In addition, a diffuse mirror is commonly placed
on the back side of the mirror with an air gap between the LSC and mirror. The diffuse
mirror scatters incident light back towards the LSC with a Lambertian angular distribution,
such that the surface has an equal radiance as a function of observer angle. The radiance in





where dΩ is an arbitrarily chosen range of solid angles, dA is an area element, dA0 is the
observing aperture, which subtends a solid angle dΩ0. Finally I is the radiance and I0 is
the observed radiance at a given viewing angle. At a non-normal incidence the photons
emitted into a range of solid angles dΩ will be equal to I cos(θ)dΩdA. Therefore, the







which is equal to the radiance of the observer at normal incidence.
The incorporation of a diffuse scatterer on the back of a LSC has multiple effects on
light concentration. The incident light will be scattered into a Lambertian angular distribu-
tion, which will increase the path length within the luminescent volume. This will increase
the likelihood that the incident sunlight will be absorbed by the LSC, which will subse-
quently increase the fraction of incident light that is eventually collected by the solar cell.
There is also a small fraction of both incident light and emitted light that will be directly
scattered into the solar cell. However, based on the angular distribution of the mirror there
is an equal likelihood that emitted light that would reach the solar cell if a specular mir-
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ror was placed on the bottom is scattered out of the LSC. In most LSCs the scattering of
emitted light into the solar cell and out of the LSC cancels out, but the direct scattering of
incident light has been observed to slightly improve light collection for small area LSCs.
For the bottom surface mirror as well as any other mirrors that are desired an air gap
between the LSC and the mirror is required for optimum performance [47]. Most mirrors
do not have perfect reflectance of incident light. A portion of the light is absorbed and
lost to heat. If the mirrors are placed directly onto the surface of the LSC then they will
reflect and absorb light that is in the total internal reflection modes as well as light that
would escape the LSC. On the other hand, total internal reflection perfectly reflects light
without losses to absorption. Therefore, if an air gap is placed between the LSC and the
mirror then total internal reflection will perfectly reflect light trapped within the LSC and
the mirrors will reflect only the light that was going to escape the concentrator already,
improving overall performance.
The air gap between the LSC and the mirror should be as small as feasible as it is
possible for light to escape out of the side of the LSC, reflect off of the mirror, and not
return to the LSC if the trajectory in the z direction takes the photon out of the LSC.





In this equation ν is the normalized velocity of the photon, ta is the thickness of the air gap,
and Tz is the translation of the photon in z. Therefore, there are a range of locations where
the photon can exit the LSCs, based on the thickness of the air gap, where the translation
in z of the photon will lead to the photon returning above the top interface of the LSC and
escaping. Because of this, it is important to reduce the size of the air gap when possible in
order to improve LSC light trapping.
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1.4 LSC Performance Metrics
The performance of a LSC is often characterized by its concentration factor or the ratio





Where C is concentration factor, ΦSC is emitted flux on the solar cell, and ΦLSC is incident
solar flux onto the top face of the LSC. This can also be written as the product of the
geometric ratio, G, and the optical efficiency, ηopt. G is the ratio of the solar cell and LSC
top face areas and ηopt is the fraction of incident photons that reach the solar cell. The
optical efficiency can be further broken down as the efficiency of step in the concentration
process [44].
ηopt = ηabsηQY ηtrapηwg
ηabs is the absorption efficiency of the LSC or the fraction of the incident light that is
absorbed by the luminophores. ηQY is the emission efficiency or the fraction of absorbed
light that is emitted radiatively. ηtrap is the fraction of emitted light trapped by total internal
reflection. ηwg is the fraction of emitted light that reaches the solar cell.
1.5 LSC Losses
While LSCs have the potential to inexpensively improve solar cell performance and
utilization, a number of loss mechanisms keep them from fulfilling that potential. The
common loss mechanisms that limit the concentration factor of LSCs are shown in Figure
1.6. Losses due to non-unity quantum yield arise when luminophores in a LSC do not emit
every photon that is absorbed. This can occur due to defects in the material, interaction
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Figure 1.6: Schematic of common LSC loss mechanisms.
of the carriers with the surface of the luminophore, or transfer of energy to another nearby
particle [48]. These non-radiative transitions will decrease the quantum yield, or emission
efficiency, of the particle and can lead to significant losses in the concentrator.
Escape cone losses occur when the luminophore emits light that travels out of the top
or bottom face. The emission of light into an isotropic distribution is what allows for the
light guiding process within the LSC, but only a faction of the emitted light will be at an
angle that will be trapped by total internal reflection. The angle with respect to the top
face of the LSC is shown in Figure 1.7. In most polymer systems where the refractive
index of the waveguide is approximately 1.5, the critical angle of total internal reflection is
approximately 43◦. This will trap 74% of the emitted light within the waveguide after each
emission event, but 26% of the emitted light will escape out of the top and bottom face.
Reabsorption losses are defined as incident sunlight that is absorbed and emitted by a
luminophore, but then absorbed by another luminophore and lost through a non-radiative
transition [49, 50]. This loss mechanism is not only mediated by the non-unity quantum
yield of the luminophore but also by the overlap between the absorption and emission
spectra. While reabsorption losses are specifically defined as the non-radiative loss of the
reabsorbed light, reabsorption affects escape cone losses as well. If the reabsorbed light
is successfully re-emitted then the emission angle is once again randomized within the
isotropic distribution. This means that only 74% of the reabsorbed and re-emitted light will
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Figure 1.7: (a) Schematic showing angle that emitted photons make with top face. (b) Histogram
of angle with respect to the top face of the concentrator for 100,000 isotropically emitted photons.
be trapped within the waveguide. This is particularly detrimental for LSC performance as
reabsorption of emitted light will more preferentially occur for light that is trapped within
the waveguide as it will take a longer path through the luminophore composite. Therefore,
reabsorption decreases LSC performance not only through non-radiative relaxation, but
also randomization of waveguided photons.
Finally scattering losses occur when light trapped within the waveguide scatters off of
a luminophore or defect in the polymer waveguide [51, 52]. Similarly to the process of
reabsorption and re-emission, scattering will randomize the direction of the trapped light.
This will increase the chance that the light will escape out of the top or bottom of the LSC
before it reaches the solar cells on the edge.
In the following chapters we will focus on a number of nanophotonic designs in order to
reduce the escape cone losses of LSCs. However, through our simulation methods we will
also explore and track the impact that these designs have on all of the different loss mech-
anisms. In our experimental work we will explore how the surface of the luminophore and
its interaction with the polymer matrix affects the scattering losses within the concentrator.
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1.6 Nanophotonic Designs for LSCs
Photonic designs have been proposed and experimentally fabricated to trap emitted light
and control the angular profile of emission, which may significantly decrease escape cone
losses. These photonic designs can be thought of as an optical analog to a semiconductor
or crystal lattice. Instead of atoms or molecules inhabiting each lattice site, materials of
different dielectric constant are arranged in a periodic pattern yielding a periodic dielectric
function. Much like a crystal lattice, photonic designs can also be designed to have a
photonic band gap, which prevents light of specific wavelengths from passing through the
crystal [53]. In this way it is possible to design a photonic mirror that allows light into the
concentrator to be absorbed by the luminophore but reflects the emitted light that would
travel into the the escape cone.
One of the most common photonic designs is the 1D crystal or Bragg stack in which
layers of different dielectric constants are stacked in a periodic pattern. This design has
been used in multiple experiments and simulations as a photonic band stop filter on top
of an existing solar concentrator [17, 54–57]. A simple schematic of this set up is shown
in Figure 1.8. One downside of these photonic designs is that the spectral region of high
reflectivity shifts blue as a function of incidence angle, which requires careful design of
the photonic band gap [58] in order to effectively reflect all of the emitted light in the
escape cone. 3D crystals have also been proposed with applications to LSCs. Utilizing a
3D crystal, Goldschmidt et al. as well as Joannopoulos et al. predicted that with a diamond
structured photonic crystal, the reflection of structure does not change significantly with
angle of incidence unlike the 1D Bragg stack design. This increases the light guiding of the
structure allowing for more of the quantum dot emission to fall into the reflection conditions
of the photonic design [53, 54].
In addition to the use of top mirrors to trap the emitted light within the concentrator
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Figure 1.8: Schematic of trapping mechanism for photonic band stop filter.
LSCs have been embedded in the geometry of 1D photonic designs. These ”photonic”
LSCs modify the local photonic density of states surrounding the luminophores, which
affect the radiative rates of emission as well as the angular distribution [59, 60]. This
has been shown to improve the light guiding capabilities of the LSC as well as reduce
reabsorption losses [2, 61].
1.7 Thesis Outline
This thesis will cover the design, simulation, fabrication, and characterization of LSCs
as well as nanophotonic designs to control the optical transport to improve performance.
Chapter 2 will focus on the different luminophores for LSCs and provide more detail on the
specific quantum dots that were used in this work. Chapter 3 will provide details on the two
algorithms that are used to simulate the results in the first half of this thesis. Then Chapters
4, 5, and 6 will discuss the nanophotonic designs that have been designed and simulated
to improve the concentration factor of LSCs. Chapter 4 will discuss work performed to
design spectrally selective top mirrors and explain how the design is affected by different
LSC properties. Chapter 5 will then compare how spectrally selective mirrors affect the
performance of the concentrator when compared to other designs such as a phase-shifting
metasurface placed on the back surface of the LSC and a theoretical design that forces all
17
emission into the total internal reflection angles. Finally Chapter 6 will show design and
simulation work that has been done to modify the angular distribution of emission from the
luminophores to achieve highly directional emission into total internal reflection modes.
The second part of this thesis will then focus on experimentally fabricated LSCs us-
ing both Si and CdSe/CdS core/shell quantum dots. Chapter 7 will present progress in
fabricating nanoscale CdSe/CdS polymer composite thin films using a new polymer, poly
(cyclohexylethylene). Then Chapter 8 shows how modifying the surface functionalization
of the Si quantum dot with ligands that better match the repeat unit of the poly(methyl
methacrylate) (PMMA) matrix will produce QD/PMMA composites with significantly less
scattering over a wide range of quantum dot loading fractions.
18
Chapter 2
Luminophores for Luminescent Solar
Concentrators
2.1 Introduction
As discussed in Section 1.3.1 luminophores absorb incident sunlight and emit that light
into the waveguide to be collected by the solar cell. Therefore, a high quality luminophore
is crucial for fabricating a LSC that effectively guides incident sunlight. The ideal lu-
minophore has unity quantum yield such that all of absorbed photons are emitted into the
waveguide. It has no overlap between the absorption and emission spectra, which elimi-
nates the likelihood that emitted light within the waveguide is reabsorbed by another lu-
minophore. The emission from the luminophore should match with the spectral conversion
efficiency of the solar cell, which will eliminate losses due to thermalization in the elec-
tricity generation process. It should also have perfect absorption over the rest of the solar
spectrum so that all incident light is absorbed and emitted into the waveguide. Finally, the
perfect luminophore’s optical properties should not change under exposure to UV, air, wa-
ter, or weathering. However, in practice, there are no ideal luminophores that meet all of
these criteria. In this chapter, different luminophores used in LSC designs will be discussed
and compared to the ideal luminophore.
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2.2 Dyes
LSC designs have used organic dyes due to their high solubility in polymer matrices,
high quantum yield, and large absorption efficiency. Unfortunately they also have a low
absorption range [62], have a decreased quantum yield for emission where silicon solar
cells absorb most efficiently [63], and undergo photodegredation when exposed to sunlight
for long periods of time [64]. Under UV illumination the dyes can undergo photoreduction
or photooxidation, which will create a nonradiative cation or anion respectively and quench
fluorescence. Even if the fluorescence is not quenched completely under UV illumination
the spectral properties can blue-shift and the fluorescence can be reduced [65]. Significant
improvements in the photostability of dyes have been made using the Lumogen series of
dyes, which have found application in many LSCs [54, 56, 66–68], but they still begin the
process of degradation after 80 days and require significant fabrications controls so that
they do not interact with contaminants that quench fluorescence [69].
2.3 Quantum Dots
Luminescent quantum dots are semiconducting nanoparticles with a particle size that
is on the order of the de Broglie wavelength of the electron [17]. These quantum confined
particles exhibit unique optical and electrical properties not found in bulk semiconductors
due to a change in the band structure at this small size. Figure 2.1 shows the band structure
of a bulk semiconductor, a quantum dot, and a molecule. The discrete energy levels in the
quantum dot band structure allow for absorption and emission processes that resemble the
fluorescent dyes discussed in Section 2.2.
Quantum dots have many beneficial properties that make them advantageous for LSC
applications. Quantum dots, in general, have well-established synthesis methods, high
quantum yield, broad absorption, large absorption cross sections, absorption and emission
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Figure 2.1: Band structure of bulk semiconductor (a), quantum dot (b), and molecule (c)
spectra that are tunable based on the size, and improved photostability compared to organic
dyes [70,71]. However, they are still susceptible to non-radiative losses due to surface trap
states and incorporation into the polymer matrix. In order to reduce these losses, some
quantum dots are passivated with a semiconductor shell, which can improve fluorescence
as well as further tune the absorption and emission properties of the quantum dot [72–77].
This shell is often produced using a successive ionic layer adsorption reaction (SILAR),
which allows for synthesis of QDs with very large shells that can be controlled in mono-
layer steps [78]. However, as the QD shell increases the scattering cross section of the
particles also increases, which will be detrimental for LSC performance. Therefore, it is
often important to balance the benefits gained by shelling the QD material with the increase
in scattering of larger particles.
Many different quantum dots have been utilized to fabricate LSCs. These are summa-
rized in Table 2.1 with their relevant properties. In this work luminescent solar concen-
trators are simulated and fabricated using CdSe/CdS core-shell quantum dots as well as Si
quantum dots. Sections 2.3.1 and 2.3.2 give a brief description on each of the QDs.
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Quantum Dot AbsorptionRange (nm) Quantum Yield FWHM (nm)
Emission
Range (nm)
CdSe/CdS [79] 400 - 600 99% 30 550 - 650
Si (Plasma) [14] 400 - 950 50% 140 700 - 1000
Si (Colloidal) [80] 300 - 550 90% 40 525 - 650
CuInSeS/ZnS [13, 81] 400 - 950 73% 215 750 - 1200
CuInS2/ZnS [82] 300 - 450 81% 140 450 - 750
Mo6Cl12 or Br12 [83] 300 - 450 78% 175 600 - 900
Zn1−x−yCdxMnySe/ZnS [20] 350 - 450 88% 100 550 - 700
PbS/CdS [84] 600 - 1000 70% 100 900 - 1000
Table 2.1: Summary of some of the QDs used in LSCs
2.3.1 CdSe/CdS Core-Shell Quantum Dots
CdSe/CdS quantum dots consist of a cadmium selenide semiconducting core and a
cadmium sulfide shell. This forms a quantum dot heterostructure with a quasi-type II band
alignment as seen in Figure 2.2 (c). This type of alignment is very attractive for the fabri-
cation of large area LSCs as the holes are delocalized over the structure while the electrons
are localized to the CdSe core. This means that the carriers are significantly less likely to
leak to the surface as in a Type 2 alignment (Figure 2.2 (b)), which will reduce quantum
yield and photostability [73,74,85]. Quasi-type II heterostrucutres also have a significantly
larger Stokes shift than type I aligned heterostructures (Figure 2.2 (a)), as electrons and
holes are confined in the core of the material for type 1 aligned bands [77, 78, 86]. Cd-
Se/CdS quantum dots in particular have been synthesized with quantum yields up to 99%
for thin shell heterostructures [79]. These quantum dots have also been synthesized with
large Stokes shifts and low overlap between the absorption and emission spectra using up
to 16 layers of CdS, which retain a quantum yield of 86% [24].
The thickness of the CdS shell also affects the spectral properties of the absorption
and emission spectra. A visual representation of the change in absorption and emission is
shown in Figure 2.3. As the thickness of the shell increases the absorption is dominated
by the features of the CdS. This causes the absorption of higher energy light to increase
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Figure 2.2: Schematic of bands for core/shell quantum dots with Type I (a), Type II (b), and
Quasi-Type II(c) band alignments.
Figure 2.3: Absorption (solid) and emission (dashed) spectra for CdSe/CdS QDs with a 0 (blue), 3
(red), or 7 (green) monolayer shell.
relative to the absorption due to the CdSe excitonic features. In addition, the emission of
the CdSe/CdS QD redshifts as the thickness of the CdS shell increases. Therefore, as the
thickness of the shell increases the overlap between the absorption and emission spectra
decreases due to these two factors. For this reason, we use CdSe/CdS core/shell with a 7
monolayer shell for most of the work in Chapters 4, 6, and 7.
The CdSe/CdS quantum dots used for these studies were synthesized by Mayank Puri
following the synthesis procedures in [87, 88]. Briefly, 1-octadecene, cadmium myristate,
and of selenium dioxide were added to a 3-neck round bottom flask and brought to a tem-
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perature of 240 ◦C under nitrogen. This causes the mixture to change to a dark red color.
After this color change oleic acid was added dropwise and held at a temperature of 240 ◦C
for 30 minutes while the color of the solution became almost black. Then the reaction was
brought to room temperature and the CdSe quantum were cleaned using a combination of
centrifugation and filtering.
Then the shelling process was begun by determining the concentration and size of the
CdSe cores. This was accomplished using a sizing curve in [89] and measuring the ab-
sorbance of the CdSe cores. This will return a volume required of the precursor CdSe
solution to add 3 × 10−7 mol of CdSe to the shelling reaction. The precursor CdSe solu-
tion was made by adding the appropriate amount of CdSe quantum dots with dodecane and
oleylamine and degassed. Then the CdS-precursor solution was prepared using a 4:1 molar
mixture of Cd(DDTC)2:Cd(oleate)2.
To synthesize the shell the CdSe cores were heated to 80 ◦C, after which the appropriate
volume of CdS-precursor for one monolayer was added to the vial. This appropriate amount
was again calculated based on the size of the CdSe core and number of CdSe nanoparticles
in the solution. After the CdS-precursor was added the temperature was brought to 160 ◦C
for 20 minutes and then cooled back to 80 ◦C. Then the shelling procedure can be repeated
for the number of monolayers required.
To improve the QY of the synthesized CdSe/CdS QDs the solution was bubbled with
nitrogen for 15 minutes and an additional ”monolayer” of cadmium chloride was used to
treat the surface. Following all of the surface treatments the CdSe/CdS core shell quantum
dots were cleaned again using a combination of centrifugation and filtering. This synthesis
process produced high quality quantum dots with a measured quantum yield of 77% and a
low overlap between the absorption and emission spectrum.
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2.3.2 Si Quantum Dots
Si quantum dots are also attractive for large area luminscent solar concentrator applica-
tions as they emit in the near-infrared, which is well matched to the silicon solar cell band
gap [90] and they have a low overlap of the absorption and emission spectra due to their in-
direct character [14]. Si nanoparticles are still indirect semiconductors like their bulk coun-
terparts, which means that the absorption spectrum of the Si quantum dots does not show
excitonic features associated with specific transitions like seen in CdSe/CdS QDs. This sig-
nificantly decreases the overlap between the absorption and emission spectra, which makes
the Si quantum dots attractive for large area LSCs. Along with these optical properties,
Si also has low toxicity and widespread elemental abundance, which make them attractive
for BIPV applications [14, 35, 91–93]. The Si quantum dots characterized in Chapter 8 are




3.1 Monte Carlo Algorithm
Monte Carlo models are commonly used to model LSCs and are an effective tool for
tracing the path of photons within a LSC when the wave effects of light are negligible [94].
The Monte Carlo model used in this work is home-written to analyze each of the layers
of the LSC separately and trace the path of the photon as it travels through these layers.
This type of model operates by defining probability functions for the different possible
interactions between the photon and the LSC geometry and then produces a random number
at each interaction to determine the behavior of the photon. In this way, if multiple millions
of photons are injected into the LSC then the average behavior can be determined without
many of the assumptions required for analytical models.
Figure 3.1 gives an overview of the Monte Carlo ray-tracing algorithm that is used to
model the LSCs in Chapters 4 and 5. The wavelength range of the simulation is set to
match the wavelength range of the absorption spectrum. This model can be extended to
model sunlight on the LSC by weighting the final results by the AM 1.5 solar spectrum.
At each given position and wavelength, one photon is injected into the top face of the
LSC structure with a normalized velocity. Next, the photon propagates through the LSC
with a direction determined by the normalized velocity of the photon. While the photon
propagates, the position is tracked to determine if it interacts with an element of the LSC
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Figure 3.1: Schematic of Monte Carlo ray-tracing algorithm.
and which final collection mechanism it reaches. These elements include absorption in the
luminescent layer, refraction from the interfaces between different layers, and reflection off
of the mirrored surfaces.
To determine whether or not a photon is absorbed by the luminescent layer, a random
number between zero and one is generated anytime the photon is located in the layer. This
random number is compared to the transmission probability for the photon at its wave-
length. If it is larger than the probability of transmission, the photon is absorbed by a
luminophore at the photons current location. The probability of transmission is calculated





Where (λ) is the absorptivity of the luminescent material, l is the length of the move step
of the photon which has a default of 5µm, and c is the optical density of the quantum dots in
the layer. The absorptivity of the luminophore is calculated by multiplying an experimen-
tally measured absorption spectrum for the luminophore by a thickness factor to account
for the difference between the solution measured absorption data and the performance of
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the solid sample [57].
(λ) = A(λ)fT





where tUV is the thickness of the sample measured in the UV-Vis, tL is the thickness of the
LSC, and A(λd) is the intensity of the absorption at the band edge of the luminophore.
After the photon is absorbed, the quantum yield is used to determine if the photon
is emitted at a new wavelength or lost to a non-radiative pathway. If a random number
generated by the code is greater than the quantum yield of the particle it is assumed to have
relaxed through a non-radiative pathway. Otherwise, it has been emitted as a photon with a
wavelength drawn from the emission data for the luminophore and given a new normalized
velocity sampled from a constant spherical distribution to ensure isotropic emission. The
quantum yield of a luminophore is defined as the ratio between the number of photons







Where kr is the radiative rate constant and knr is the non-radiative rate constant, which are
inversely related to the lifetimes of the radiative and non-radiative processes respectively.
In this work the quantum yield is measured for the luminophores by dividing the integrated
emission power by a well-known excitation power [97].
As the photon continues to propagate through the LSC, the position is monitored to
determine when it passes an interface, interacts with a mirror, or is collected. To deter-
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mine whether or not the photon has crossed through an interface the refractive index at the
current position and previous position is monitored. When a change in refractive index
is determined then it preforms calculations to determine which interface was crossed and
applies Fresnel equations appropriately. Fresnel equations calculate the probability that a
photon is transmitted or reflected for a given change in refractive index.
Rs =
∣∣∣∣n1 cos θi − n2 cos θtn1 cos θi + n2 cos θt
∣∣∣∣2
Rp =
∣∣∣∣n1 cos θt − n2 cos θin1 cos θt + n2 cos θi
∣∣∣∣2
In these equations, n1 and n2 are the refractive indices of the old and new positions respec-
tively, θi is the angle that the incident ray makes relative to the normal of the interface, and
θt is the angle that the transmitted ray makes relative to the normal of the interface. This is
calculated using Snells law [45].
n1 sin θi = n2 sin θ2
If a calculation using Snells law produces a θt that is not defined then the photon is
incident on the interface at an angle greater than the critical angle. In this case, the photon
experiences total internal reflection, which means that Rs and Rp are set to one yielding no
transmitted light through the interface.
3.1.1 Monte Carlo Ray-Tracing Model Assumptions
The main advantage of a Monte Carlo ray-tracing model compared to analytical models
is the ability to model a solution with fewer assumptions. However, there are still some
assumptions made to increase the speed of the calculation that are important to keep in
mind.
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The Monte Carlo ray-tracing models assumes that all materials and interfaces can be
characterized using a geometric optics approach. This assumes that the photons can be
assumed to travel as particles and the wave properties of light such as diffraction and inter-
ference can be neglected [45]. This assumption is appropriate for modeling the interfaces
between air and polymers of different refractive indices when the layers are of a thickness
much greater than the wavelength of light. However, this assumption breaks down when
the layer is significantly thinner and not indexed matched to the polymer. In this case, it is
necessary to use a wave optics approach to correctly model all the relevant phenomena [98].
The Monte Carlo model also assumes that the emitted photon is chosen from a random
distribution of wavelengths over the entire emission spectrum unaffected by the wavelength
of absorption. This could lead to possible non-physical phenomena where the photon is
absorbed at a lower energy than it is emitted at. However, in this work, the intensity of
both the absorption and emission spectrum at the wavelengths where they overlap is quite
small, which will not lead to significant uncertainty in the simulation of the LSC. If there
is a large overlap between the absorption and emission spectra, such as can be found in
dyes, a more accurate simulation in this case could characterize the emission as a function
of excitation wavelength in order to effectively model the shift in emission as a function of
absorbed wavelength.
3.2 Finite Difference Time Domain Method
While Monte Carlo models effectively characterize the performance of LSCs in the ray-
optics limit, they are unable to model the behavior of the LSC when the wave-like nature of
light contributes to the behavior of the system. In this thesis this occurs when structures are
implemented that have sizes on the order of the wavelength of light. In this regime, Finite
Difference Time Domain (FDTD) modeling can be used to characterize the system.
FDTD modeling is performed by solving Maxwell’s equations over a given volume
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space [99].
∆× ~E(t) = −δ
~B(t)
δt
~B(t) = µ(t) · ~H(t)
∆× ~H(t) = δ
~D(t)
δt
~D(t) = (t) · ~E(t)
Where ~E is electric field, ~B is magnetic flux density, µ is magnetic permeability, ~H is
magnetic field strength,  is electric permittivity, and ~D is electric displacement.
In this thesis the FDTD calculation is performed using the software package Lumerical
FDTD Solutions. To design the simulation for the FDTD method we use the CAD software
in this package to build the geometry of the structure by defining the size and the refrac-
tive index of each component. The refractive index of the component may be taken from
literature or we may measure it ourselves using spectroscopic ellipsometry. After defining
the geometry we include light sources and monitors to observe how light interacts with our
nanostructured design. Finally a simulation region is defined, a meshing size is determined,
and boundaries are chosen for the edges of the simulation region.
The FDTD method can be used to effectively calculate a number of different properties
for LSC systems. It can be used to calculate the interaction of incident sunlight with nanos-
tructured LSCs including transmission, reflection, and absorption. To fully understand the
performance of a nanoscale LSC, FDTD modeling can also calculate the propagation of the
emitted light as well as the farfield emission angle from the nanoscale LSCs. This is used
in Chapter 6 and 7 to model the propagation of emission and can also be integrated into
31
a Monte Carlo ray-tracing model to fully simulate a nanoscale LSC. We also use FDTD
modeling in Chapter 5 to calculate the angle of reflection for a nanostructured mirror that
is designed as a bottom surface mirror for a LSC.
3.2.1 FDTD Assumptions
In FDTD calculations the computational domain is gridded with a spacing determined
by the mesh size defined. In this way, we assume that our structures can be effectively
defined using a rectangular grid. In the case of structures that have a rectangular geometry
this is a good assumption as the gridded domain will only change the size of the structures
slightly to accommodate the grid. However, for non-rectangular structures this can be a bad
assumption as the gridded domain will change both the size and the shape of the structures,
which could significantly change how light interacts with them. In this case a very small
mesh can be used to approximate the non-rectangular geometry but this can also come with
significantly longer computational times.
In the calculations performed in this thesis we also assume that the nanostructures we
use are perfectly smooth. This assumption allows us to successfully calculate the expected
phenomena of the different mirrors and LSCs used in this thesis but it likely does not
perfectly model the behavior of an experimentally fabricated system. Most fabrication
methods have some amount of variability in the size and shape of the structures fabricated
that is not currently captured by the model. Even if non-standard shapes are imported into




for Use in Luminescent Solar
Concentrators
4.1 Introduction
As discussed in Section 1.5 escape cone losses have a significant impact on the light
guiding of the LSC by emitting light out of the top or bottom of the LSC. This corresponds
to a loss of 26% of the emitted light after every absorption and emission event for a lu-
minophore embedded in a polymer with a refractive index of 1.49. While this is a relatively
small amount of loss for one emission event it quickly compounds due to reabsorption in
the LSC. It is predicted that nearly 78% of the guided light will be lost to the escape cone
after just 4 reabsorption events.
In order to reduce escape cone losses and reach their full operating efficiency, LSCs
may utilize a spectrally-selective mirror above the top surface that transmits sunlight over
the absorption band of the luminophore and traps the luminescent light within the concen-
trator [55]. The mirror must therefore have high transmission across the absorption band
of the luminophore while also exhibiting high reflectivity across the emission band of the
luminophore. One-dimensional mirrors with a reflection band are often used for this pur-
pose, but can be challenging to design as the reflectivity band blue-shifts as the angle of
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incidence increases away from normal incidence [54–56, 58, 66, 100–106]. While often
made by thin film deposition, these mirrors could be made cost-effectively via spin coating
or printing [58, 107, 108].
In this chapter, we show how the design of the top surface mirror changes for LSCs
with varying luminophore concentration, luminophore re-absorption, quantum yield, LSC
lateral size, and type of back mirror. We use CdSe/CdS core/shell nanocrystals as the
luminophore, as these materials have been used in many LSC designs to date due to their
tunable optical properties, high quantum yields, and resistance to photobleaching [1, 22–
25, 77, 109–112]. The combination of high quantum yield, narrow emission spectrum, and
tunable Stokes shift based on varying the thickness of the shell make the CdSe/CdS system
an interesting case for studying the influence of luminophore properties on mirror design.
However, this study should also provide insight into the design of top-surface mirrors for
a variety of other candidate luminophores, including non-Cd based nanocrystals and rare-
earth emitters [13, 113].
4.2 Methods
4.2.1 LSC Geometry
The simulated LSC design consists of a 3 mm thick polymerized PMMA slab with a
refractive index of 1.49 and an embedded luminophore with a loading fraction that gives
a variable optical density at 450 nm. A perfectly reflecting mirror is placed on the bottom
of the LSC (either diffuse or specular), with an air gap between the mirror and polymer
waveguide. An aperiodic spectrally-selective mirror is placed on the top of the LSC, also
with an air gap. Alternatively, the top of the LSC can be open. Solar cells are mounted on
all four sides of the LSC that capture the light that reaches the edge. Perfect coupling from
the polymer slab to the solar cell is assumed, based on the assumption that antireflection
coatings are present on the solar cell and index-matching layers are included between the
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solar cell and the polymer slab [14, 114]. The chosen luminophores consist of a CdSe core
with a CdS shell of varying thickness (0 monolayers, 3 monolayers, or 7 monolayers). The
absorption and emission spectra are taken from experimental measurements of synthesized
nanocrystals following the methods referenced [77,87,88,111]. Unless otherwise specified,
calculations are shown using CdSe/CdS nanocrystals with a 7 monolayer CdS shell, with
an optical density of 0.5 at 450 nm, and for LSC lateral dimensions of 1 m x 1 m.
Two related figures of merit are used to describe LSC performance: concentration factor





where Φsolar and Φinc are the flux into the solar cell and the flux into the top face respec-





the geometric ratio (G), where the geometric ratio is the area of the top face divided by the
areas of the solar cells. The optical efficiency is the fraction of incident photons that reach
the edge of the concentrator and are assumed to be collected.
4.2.2 Ray-tracing Monte Carlo model
A ray-tracing Monte Carlo model was used to predict the performance of the LSCs.
This modeling algorithm has been utilized often to predict the performance of LSCs with
different operating conditions [1, 21, 23, 24, 44, 94, 104, 115, 116]. The ray-tracing model
uses the angle-dependent reflectivity of the aperiodic mirror, the geometry of the LSC,
the optical properties of the luminophore and polymer, and the reflectivity and scattering
properties of the back reflector as input parameters. Photons are injected normal to the
LSC surface and tracked as they are absorbed by the luminophores, emitted, reflected off
of the mirrors, and refracted through the interfaces of the concentrator. Absorption by the
luminophores is determined using the absorption spectrum of the luminophore and Beers
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law, and the properties at interfaces are determined using Fresnel’s equations [117, 118].
The number of photons collected by the solar cell or lost to various processes are ex-
plicitly tracked during the simulation. Photons that reach the edge of the concentrator
are counted as collected. Lost photons include photons that are absorbed and lost non-
radiatively, photons that are reabsorbed and then lost non-radiatively, photons that are lost
to the escape cone, and photons that are not absorbed and escape the LSC. The first two loss
mechanisms distinguish between losses from the first absorption event and losses that result
from subsequent absorption events arising from the spectral overlap between luminophore
absorption and emission.





ηi (λ)Pss (λ) dλ∫ λ2
λ1
Pss (λ) dλ
Here ηi is the fraction of light collected or lost, Pss is the power in the AM1.5G solar
spectrum as a function of wavelength, λ1 is the start of the integration, which was taken to
be 400 nm for these calculations, and λ2 is the end of the integration, which is taken to be
the wavelength where α (λ) = 0.01 cm−1. This is dependent on the absorption spectrum of
the luminophore. Running the simulations for identical conditions multiple times results in
less than 0.5% relative difference in the weighted optical efficiency.
4.2.3 Model for light absorption and propagation within the
luminescent solar concentrator
An additional model was also used to verify the Monte Carlo model and to predict the
fraction of incident light absorbed on each pass through the concentrator. This model takes
the angle-dependent reflectivity of the aperiodic mirror and the absorption spectrum of the
luminophore as input parameters, then calculates the fraction of photons absorbed and lost
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on each pass. The fraction absorbed is given as
Fabs = 1− 10−α(λ)ct
where α (λ) is the molar absorptivity coefficient in units of Lmol cm , c is concentration in units
of molL , and t is the distance in units of cm.
On the first pass, the incident photons may be reflected off the top mirror, reflected off
the polymer/air interface between the LSC and the mirror and transmitted back out of the
LSC through the mirror, or transmitted into the concentrator where they may be absorbed.
The fraction of the total photons lost to the first two pathways is given by
Flost,1 (λ) = RTopMirror (θ = 0, λ) +Rair,LSC (θ = 0, λ)
(
1−RTopMirror (θ = 0, λ)
)
where RTopMirror is the reflectance of unpolarized light for the spectrally-selective mirror
at normal incidence and as a function of wavelength, and Rair,LSC is the reflectance of
unpolarized light for the air/LSC interface as calculated by Fresnel equations at normal
incidence.
The photons that are absorbed in the first pass are therefore those that transmit through
the top surface mirror and are absorbed within the first pass through the concentrator, which








After the first pass the remaining photons reflect off the back mirror, which may be
diffuse or specular. The diffuse mirror hemispherically scatters the incident photons, giving
the reflected photons the angular distribution
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I (θ) = 2 sin θ cos θ
where θ is the angle with respect to normal that the reflected photon makes with the top
spectrally-selective mirror. After reflection from the diffuse mirror the calculation for mul-
tiple passes is split up into even and odd passes.
Even passes correspond to photons that travel from the diffuse mirror to the top mirror.
For even passes the photons that are absorbed are those that have not been absorbed or lost
previously, and are absorbed as the travel from the bottom to the top of the concentrator.
Fabs,2i (λ) = Fremain,2i−1 (λ)
1− ∫ pi/20 10 −α(λ)ctcos θp(θ)2 sin θ cos θdθ∫ pi/2
0
2 sin θ cos θdθ

where Fremain,2i−1 is the fraction of photons that have not been absorbed or lost up to the
current pass through the concentrator, and θp is the angle of reflected photons in the con-
centrator. This angle is used to calculate the effective path length of the light for Beers
law. The photons that are lost on the even passes are those that are not absorbed as they
travel from the bottom to the top of the concentrator and are transmitted through the top




Fremain,2i−1 (λ)− Fabs,2i (λ)
)1− ∫ pi/20 RTopMirror (θ, λ) 2 sin θ cos θdθ∫ pi/2
0
2 sin θ cos θdθ

Odd passes correspond to photons that travel from the top wavelength-selective mirror to
the diffuse mirror. The photons that are absorbed are those that are transmitted into the




Fremain,2i (λ)− Flost,2i+1 (λ)
)1− ∫ pi/20 10 −α(λ)ctcos θp(θ)2 sin θ cos θdθ∫ pi/2
0
2 sin θ cos θdθ

The photons that are lost on odd passes are those that have not been absorbed or lost
on any previous pass, reflect off the top air/polymer interface, and transmit out of the top
wavelength-selective mirror.
Flost,2i+1 (λ) = Fremain,2i (λ)
∫ pi/2
0
Rair,LSC (θ) 2 sin θ cos θdθ∫ pi/2
0
2 sin θ cos θdθ1− ∫ pi/20 RTopMirror (θ, λ) 2 sin θ cos θdθ∫ pi/2
0
2 sin θ cos θdθ

The fraction absorbed and lost for a concentrator with a specular back reflector are
calculated in a similar way. However, instead of integrating the reflectivity and Beers law
with respect to angle the calculation is done at normal incidence. The fractions of photons
absorbed and lost on each pass for either mirror case form a converging series. The sum of
the terms in this series converges to the approximate fraction of incident light absorbed by
the luminophores.
The largest source of error in these calculations derives from the neglected additional
reflections off the top polymer/air interface on even passes. By comparing this model to
the absorption values extracted from the Monte Carlo model, we find approximately 1%
difference between the two calculations.
4.2.4 Designing spectrally-selective mirrors
A series of spectrally-selective mirrors were designed to improve the performance of
the LSC. These mirrors consist of alternating layers of refractive index 2.53 and 1.45,
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which creates a photonic bandgap where light transmission is forbidden. The location of
this photonic bandgap is determined by the thickness of the mirror layers and the refractive
index of the dielectric material.
The thicknesses of the layers in the spectrally-selective mirror were determined us-
ing an optimization method in MATLAB [119]. This method uses the refractive index
of the layers, the absorption spectrum of the luminophore, the emission spectrum of the
luminophore, and an initial guess for the thickness of each layer in the mirror as input pa-
rameters. A periodic 1D Bragg stack was used as an initial guess where the thickness of
each layer is the peak of the emission spectrum divided by four times the refractive index
of the layer.
Optimum thicknesses for the layers are calculated by minimizing the reflection that









A and E are the figures of merit related to the reflection over the absorption band and
emission band, respectively. Wa and We are the weighting terms for the absorption and
emission term. The weighting terms thus give optical transmission or trapping of emission
more weight.
The A figure of merit is calculated by integrating the transmission of the top mirror at





1−RTopMirror (θ = 0, λ)
)
α (λ)Pss (λ) dλ∫ λA,max
λA,min
α(λ)Pss(λ)dλ
The E figure of merit is calculated by integrating the reflection of the top mirror over the













PL (λ) sin θdθdλ
where PL is the emission spectrum of the luminophore, and θ is the angle of emission
from the luminophore. The optimum design is then used to calculate the reflectivity of
the mirror as a function of polarization, wavelength, and angle, which can be integrated
into the Monte Carlo calculation. This procedure was used to design a series of different
spectrally-selective mirrors.
4.3 Results and Discussion
There are several important differences in LSC operation between the case with an
open top and one with a spectrally-selective mirror on the top surface. To quantify these
differences, we describe the optical efficiency of a LSC as the product of the absorption













as discussed in Section 1.4 [44].
ηopt = ηabsηQY ηtrapηwg
When a spectrally-selective mirror is introduced on the front surface, the efficiencies of
ηabs, ηtrap, and ηwg change. The quantum yield ηQY does not because it is assumed to be
independent of the mirrors, and is therefore only a property of the luminophore-polymer
composite. As seen from the absorption efficiency ηabs expression above, the presence of
a spectrally-selective mirror on the top surface changes the front interface reflectivity R,
which now exhibits both more spectral dependence and is generally increased over an open
top concentrator. This prevents some light from entering the concentrator but also traps
weakly absorbed photons within the concentrator, allowing for increased path lengths and
larger multi-pass absorption over some wavelengths (Figure 4.1).
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Figure 4.1: Schematic showing the benefits of a spectrally-selective top mirror on a luminescent
solar concentrator. The red layer in the LSC is embedded with CdSe/CdS quantum dots. Solar cells
are mounted to the left, right, front, and back faces of the polymer waveguide (n=1.49). A diffuse
mirror is mounted to the bottom face of the waveguide with a 100 µm air gap. The top face is open
or has a spectrally-selective mirror mounted with a 100 µm air gap.
The trapping efficiency ηtrap changes when the top mirror is introduced, as light that
would otherwise couple to the escape cone in an open-top concentrator is now trapped
inside the concentrator. In an open top concentrator, the fraction trapped after each absorp-
tion and emission event is governed by the refractive index of the polymer-luminophore







where n2 is the refractive index of air, and n1 is the refractive index of the polymer-
luminophore slab. With a reflecting mirror on the top surface, however, some of the light
that passes through the polymer-air interface will be reflected back into the concentrator




















where I (θ) is the intensity of light transmitted into the top air gap as a function of angle and
RTopMirror (θ) is the reflectivity of the top spectrally-selective mirror as a function of angle
of incidence. In this way the escape cone losses will be suppressed on each absorption and
emission event. The full expression of ηtrap for the LSC accounts for this process for every
absorption and re-emission event.
The waveguide efficiency ηwg describes the losses of the propagating photons that are
already trapped within the concentrator. This will depend on the overlap between absorp-
tion and emission for the chosen luminophore, as some of the luminescent light may be
reabsorbed by the luminophore during propagation. This term also depends on the ab-
sorption losses of both the front and back mirrors. In an open top configuration all of the
trapped light is in total internal reflection modes between the polymer and air, and therefore
has no interaction with the mirrors, and so this term primarily measures reabsorption. In
the presence of a spectrally-selective mirror, however, the light that would have coupled
to the escape cone is trapped inside the concentrator. Some of these photons propagate at
near-normal angles and interact with the mirrors upon every pass through the waveguide,
and are now especially vulnerable to reabsorption and mirror losses [104]. Thus the waveg-
uide efficiency ηwg losses will increase when spectrally-selective mirrors are added to the
top surface.
4.3.1 Designing spectrally-selective mirrors for the top surface of
luminescent solar concentrators
Figure 4.2 shows a series of aperiodic top-surface mirrors designed to favor different
scenarios. Aperiodic mirrors were chosen over periodic mirrors in order to suppress the
reflection throughout the spectral region where the luminophores absorb. In Figure 4.2 (a)
the reflectivity at normal incidence is shown overlaid against the absorption and emission
spectra of a CdSe/CdS core/shell nanocrystal with a 7 monolayer CdS shell. In Figure 4.2

















1 1.45 134.32 327.57 329.39 331.64 329.98 335.48 337.09
2 2.53 235.58 185.26 190.59 189.96 186.85 200.92 204.05
3 1.45 185.93 192.80 191.68 197.21 197.93 195.91 196.76
4 2.53 193.05 163.25 168.78 161.67 158.74 174.92 180.29
5 1.45 165.33 194.80 194.79 208.76 211.23 204.72 201.57
6 2.53 187.68 164.26 162.71 144.99 141.73 152.63 162.52
7 1.45 170.80 183.54 191.54 210.08 213.91 220.85 213.20
8 2.53 175.51 178.73 167.75 154.42 149.17 132.74 147.94
9 1.45 181.37 167.92 185.00 194.23 200.92 232.96 222.07
10 2.53 167.67 187.04 171.93 178.25 171.21 124.73 140.35
11 1.45 181.37 167.92 185.00 172.21 185.46 232.96 222.07
12 2.53 175.51 178.73 167.75 198.21 190.36 132.74 147.94
13 1.45 170.80 183.54 191.54 159.74 189.68 220.85 213.20
14 2.53 187.68 164.26 162.71 206.34 234.03 152.63 162.52
15 1.45 165.33 194.80 194.79 177.06 272.93 204.72 201.57
16 2.53 193.05 163.25 168.78 241.14 269.44 174.92 180.29
17 1.45 185.93 192.80 191.68 278.57 274.66 195.91 196.76
18 2.53 235.58 185.26 190.59 258.37 260.89 200.92 204.05
19 1.45 134.32 327.57 329.39 259.96 357.58 335.48 337.09
Table 4.1: The full layer thicknesses (nm) of each of the mirrors shown in Figure 4.2 are listed here.
The mirrors are classified as absorption weighted or emission weighted, as described in the
methods section above. The absorption weighted mirrors are designed to favor transmis-
sion into the concentrator, having the onset of the reflectivity bands at longer wavelengths
and thus having higher transmission across the absorption band of the luminophore, but
also showing more angle-dependent reflectivity across the emission band. The emission
weighted mirrors favor trapping of the emitted light, and are therefore designed to have the
onset of the reflectivity band at shorter wavelengths at the expense of the transmission of
the absorbing photons, and to exhibit more omnidirectional reflectivity across the wave-
lengths of the emission band of the luminophore. The full mirror layer thicknesses are
given in Table 4.1.
Figure 4.3 shows how the presence of a top mirror affects ηabs, comparing a LSC with a
diffuse back mirror (Figure 4.3 (a)) to one with a specular back mirror (Figure 4.3 (b)), and
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Figure 4.2: (a) Reflection of different aperiodic mirrors at normal incidence overlaid on the
absorption (black) and emission spectrum (red) of a CdSe/CdS core/shell nanocrystal with a 7
monolayer shell. The mirror labeled (1) is the emission weighted mirror referred to in later figures,
and the mirror labeled (2) is the absorption weighted mirror. (b) Reflectance of the aperiodic
mirrors weighted by the emission spectrum of the luminophore, as a function of angle of incidence
on the mirror.
with the top surface mirror (labeled (1) and blue from Figure 4.2). The largest difference
in performance between the two back mirrors occurs after multiple passes. On the first
pass, the absorption between both cases will be the same. A slight difference is seen in
the second pass where the light has reflected off the mirror, as the diffuse mirror case will
have a slightly longer path length than the specular mirror. For open top concentrators, it is
already a well-known result that diffuse mirrors on the back surface improve performance
due to the hemispherical back scattering off that surface [67, 120]. The most significant
improvement in the absorption for the concentrator with the diffuse back reflector occurs
over the spectral range from 550 nm to 600 nm. This occurs because the reflectivity of
the aperiodic mirror shifts to shorter wavelengths as the angle of incidence increases away
from normal incidence. Therefore, a wavelength range exists such that the light will trans-
mit at normal incidence, scatter from the diffuse back reflector, and hit the front mirror
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Figure 4.3: Comparison of incident light absorbed as a function of wavelength for a concentrator
with a diffuse mirror (a) and a specular mirror (b) on the back. The concentrator has the emission
weighted mirror ((1) from Figure 4.2) on the top surface, and the normal incidence reflectance
spectrum of this mirror is shown as a guideline.
again at an oblique angle. This increases the number of passes that the light will travel
through the concentrator, which in turn increases the likelihood that it will be absorbed
by the luminophores. This effect is most pronounced for the wavelength range where the
luminophores are weakly absorbing, as seen in the dark blue region of Figure 4.3 and in
Figure 4.4 where we compare the predicted absorption for an OD of 0.5 and 5.0 at 450 nm.
From the seven mirrors that were shown in Figure 4.2, two were chosen for further
comparison as they represent local maxima for concentrators with an OD of 0.5 at 450
nm (Table 4.2) and a quantum yield of 0.9. These mirrors were chosen to represent one
emission weighted mirror that was designed to reflect the emitted light (labeled (1) and
blue in Figure 4.2) and one absorption weighted mirror that was designed to transmit light
at normal incidence across the absorption band of the luminophore (labeled (2) and yellow
in Figure 4.2). These two mirrors will be compared in the next several studies.
Figure 4.5 (a) shows that the difference in performance between the LSCs with the
absorption weighted and emission weighted aperiodic mirrors depends on the quantum
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Figure 4.4: Comparison of incident light absorbed as a function of wavelength for a concentrator
with an OD of 0.5 (left) and an OD of 5.0 (right) for a diffuse mirror on the back. (top) The
concentrator has the absorption weighted mirror ((1) from Figure 4.2) on the top surface. (bottom)
The concentrator has the emission weighted mirror ((2) from Figure 4.2) on the top surface. The
normal incidence reflectance spectrum of each mirror is shown as a guideline in black.
yield of the luminophore. Above a quantum yield of 0.85, the concentrator with the emis-
sion weighted mirror outperforms the concentrator with the absorption weighted mirror,
whereas at quantum yields below 0.85 no discernible difference is present. Both mirrors
produce substantial gains over the open top concentrator at the full range of quantum yields
simulated.















0.25 16.94 17.56 17.53 16.14 14.90 16.22 15.41
0.50 17.82 18.36 18.42 17.22 16.05 17.41 16.69
0.75 16.78 17.23 17.38 16.45 15.43 16.75 16.20
1.00 15.54 15.92 16.10 15.40 14.53 15.79 15.36
1.50 13.39 13.67 13.89 13.48 12.82 13.93 13.71
2.00 11.75 11.98 12.22 11.99 11.45 12.46 12.35
3.00 9.49 9.66 9.89 9.83 9.44 10.29 10.30
4.00 8.03 8.17 8.36 8.37 8.08 8.82 8.87
5.00 6.99 7.09 7.29 7.35 7.08 7.74 7.81
Table 4.2: Calculated concentration factors for LSCs containing CdSe/CdS nanoparticles with a 7
monolayer CdS shell. The OD is determined at 450 nm, and a diffuse mirror is included on the
back. The quantum yield is 0.9.
for the performance differs. The emission weighted mirror permits less light to enter the
concentrator, but more of the luminescent light that hits the mirror at oblique angles is
trapped within the concentrator. This can be seen in Figures 4.5 (b) and 4.5 (c), which
show that the fraction of total photons ultimately lost to reabsorption is slightly higher for
the emission weighted mirror compared to the absorption weighted mirror, the fraction
of the total photons lost to the escape cone is considerably lower, and that the fraction
of total photons transmitted into the concentrator is smaller. In comparison to an open
top concentrator, both mirrors lose considerably more light to reabsorption and less to the
escape cone.
Figure 4.5 (d) compares the calculated ηtrap and ηwg for these LSCs. The absorption
efficiency ηabs is independent of quantum yield, and ηabs for the absorption weighted mirror
exceeds ηabs for the emission weighted mirror by 3.6%. The trapping efficiency ηtrap,
however, depends on the quantum yield and favors the emission weighted mirror by 5% at
quantum yield of 0.6. The waveguide efficiency ηwg is relatively constant between quantum
yields of 0.6 and 0.85, favoring the absorption weighted mirror by approximately 2.5%.
Since ηopt is the product of all of these efficiencies, the relative benefits and losses from
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Figure 4.5: Monte Carlo ray-tracing simulations showing the predicted concentration factor and
loss mechanisms for LSCs with different top mirror configurations. Results are shown for a LSC
with an open top (black), a LSC with an emission weighted aperiodic mirror above the top surface
(blue), and an absorption weighted aperiodic mirror above the top surface (red), where (a) shows
the concentration factor, (b) shows the number of photons lost to reabsorption non-radiative losses
(solid) and the escape cone (dashed), (c) shows the fraction of incident light that is transmitted
into the concentrator for each mirror configuration, and (d) shows the waveguide efficiency (solid)
and trapping efficiency (dashed).
the different mirrors are essentially canceled out at quantum yields between 0.6 and 0.85.
At quantum yields greater than 0.85, the advantage of ηtrap for the emission weighted
mirror increases significantly, and the advantage of ηwg for the absorption weighted mirror
declines slightly, leading to much higher performance for the emission weighted mirror.
Under these conditions, either mirrors that are designed to maximize absorption or trap-
ping of emission lead to higher performance than other intermediate mirror designs. Only
when the quantum yield is high do we find that it is preferable to maximize the trapping of
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emission, as there is significant photon recycling in the concentrator from the repeated ab-
sorption and emission events. Nevertheless, even low quantum yield luminophores benefit
from the introduction of a spectrally-selective mirror.
4.3.2 Mirror designs for varying luminophore loading fractions
To further probe the role of photon recycling in the concentrator, we studied how ηopt,
ηabs, ηtrap, and ηwg change as a function of the concentration of the luminophores for the
same two mirrors discussed in Figure 4.2. Concentrators with optical densities of 0.1 to 2.0
at 450 nm were simulated for a 1 m x 1 m concentrator and a luminophore quantum yield
of 0.9. This corresponds to a relative change in the loading fraction of luminophores in the
concentrator from 10 - 200% compared to an optical density of 1.0. We find the largest
optical efficiencies ηopt at an optical density of 0.4 for the emission weighted mirror and at
an optical density of 0.5 for the absorption weighted mirror, as seen in Figure 4.6 (a). An
open top concentrator, in contrast, exhibits optimal optical density of only 0.3 at 450 nm.
In the open top concentrator, ηabs only increases slowly as a function of increased loading
fraction since there is no additional trapping effect, which drives the optimum toward lower
loading fractions. Regardless of the mirror used, an increase in the optical density of the lu-
minophores leads to an increase in the fraction of incident light absorbed, an increase in the
trapping efficiency, and a decrease in the waveguide efficiency, as shown in Figures 4.6 (b)
- (d). This reduced waveguide efficiency is indicative of the larger number of reabsorption
events occurring in a concentrator with higher concentration luminophores: under these
conditions, the luminescent photons are more likely to be reabsorbed during propagation.
The tradeoff between the increased total light absorption and the increased reabsorption
losses for high concentrations results in the calculated optimum optical densities.
Figure 4.6 also shows the relative performance differences between the mirrors. In
general the emission weighted mirror is preferred for low loading fractions, while the ab-
sorption weighted mirror is preferred for an optical density at 450 nm greater than 1.4. The
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Figure 4.6: Comparison of the LSC efficiency as a function of luminophore loading fraction, or
optical density at 450 nm. The emission weighted aperiodic mirror is shown in blue, and the
absorption weighted aperiodic mirror in red. The (a) optical efficiency is calculated with the
Monte Carlo ray-tracing model, the absorption efficiency (b) from ray tracing with multiple
reflections, and the trapping efficiency (c) and waveguide efficiency (d) from the Monte Carlo
ray-tracing model.
absorption efficiency ηabs for the LSC with the absorption weighted mirror increases faster
with increasing luminophore loading relative to ηabs for the concentrator with the emission
weighted mirror, as shown in Figure 4.6 (b). At a low loading fraction the luminophore
weakly absorbs in the region between the reflectivity band onset of the absorption and
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emission weighted mirror, which means there is little additional benefit from the extra light
the absorption weighted mirror lets into the concentrator. Here, as seen in Figure 4.3, there
can be some benefit to having an emission weighted mirror to absorb this light in multiple
passes. However, as the loading fraction increases, a larger fraction of the incident light is
absorbed on the first or second pass, which favors the absorption weighted mirror shown
by a 2.9 - 6.8% relative improvement in ηabs. Similarly, Figure 4.6 (c) shows that ηtrap is
significantly higher for the emission weighted mirror, but the relative amount of improve-
ment of ηtrap for the emission weighted mirror declines as the luminophore concentration
increases. There is little difference in ηwg (Figure 4.6 (d)) for these two cases, as for sim-
plicity the back mirror was given a reflectivity of 1.0 and the materials in the top mirror are
non-absorbing at these wavelengths. The interaction with the mirrors is therefore compa-
rable, and so ηwg should be similar regardless of top surface mirror. The crossover point
occurs when the relative benefit from the emission weighted mirror for ηtrap equals the rel-
ative benefit for ηabs and ηwg for the absorption weighted mirror. This occurs at an optical
density of 1.4 for this system. These calculations reinforce that a judicious combination
of loading fraction optimization and spectrally-selective mirrors improves the overall con-
centration factors, while also indicating that highly absorbing luminophores may be better
served by an absorption-weighted mirror.
4.3.3 Mirror designs for varying luminescent concentrator lateral
size
The optimal mirror design also varies depending on the size of the concentrator. Large
scale concentrators could be used in building integrated applications or architectural panels,
whereas small-scale concentrators could find application for specific photovoltaic materi-
als. To study an optimistic case, these concentrators were simulated with a quantum yield
of 1.0 and an optical density of 0.5 at 450 nm. As seen in Figure 4.7 (a), the absorption
weighted aperiodic mirror is preferred for small concentrators. The absorption efficiency
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ηabs should be independent of lateral size because the absorption of incident light depends
on the distance the photon travels through the thickness of the concentrator, not the lateral
dimensions (see Figure 4.6 (b) for the difference in ηabs for these two mirrors). When the
concentrator is small there is additional effect from light scattering: some of the incident
photons will be scattered to the edge of the concentrator without undergoing the absorption
and luminescence process. This also favors the absorption weighted mirror. The trapping
efficiency ηtrap depends on the size of the concentrator. At a small lateral size, a large frac-
tion of the emitted light will reach the edges of the LSC with minimal interaction with the
top mirror. This is shown in Figure 4.7 (b) by the similar ηtrap values between the concen-
trators with absorption and emission weighted aperiodic mirrors in Figure 4.7 (b). At these
small sizes, performance is therefore limited by the absorption, and so it is more important
to use a mirror that allows a large fraction of the incident light into the concentrator.
At larger sizes, the emission weighted mirror is favored. As the lateral size of the
concentrator increases the emitted light interacts more often with the top mirror and with
the luminophores in the concentrator because it has a longer average path to travel to reach
the solar cell. This is observed by the significant drop in trapping efficiency for both the
absorption and emission weighted mirrors in Figure 4.7 (b) as the lateral size increases.
However, the emission weighted mirror retains higher trapping efficiency values for larger
LSC lateral sizes.
The crossover point between the two mirrors occurs when the relative benefit of each
mirror is equal. This is observed in Figure 4.7 (a) at a lateral size of slightly larger than
10 cm. The absorption weighted mirror provides a relative benefit of 3.6% to ηabs. At
small sizes, there is an additional contribution from direct scattering into the solar cell that
gradually declines from 5.1% at small sizes to 0.4% at large sizes. In contrast the relative
advantage of the emission weighted mirror to ηtrap increases much more rapidly, from 0%
at small sizes to nearly 30% at the 10 m x 10 m concentrator. The crossover point occurs
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Figure 4.7: Monte Carlo simulations showing the optical efficiency (a) and trapping efficiency (b)
of concentrators with an emission weighted (blue) and absorption weighted (red) aperiodic mirror
on top.
when the relative benefits are equal.
4.3.4 Mirror designs for luminophores with different Stokes shifts
In an ideal scenario the absorption and emission of the luminophore would have no
overlap, and the reflectivity band could be chosen to trap all the luminescent light without
decreasing the transmission. However, many luminophores exhibit some overlap between
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these bands, which makes choosing the spectral properties of the mirror more challeng-
ing [58]. To study this effect systematically, we used a family of Cd-based nanocrystal
luminophores. These nanocrystals include CdSe core particles with a 0, 3, or 7 monolayer
CdS shell. A set of mirrors (similar to Figure 4.2) were designed for each case using the
absorption and emission spectra of each of the luminophores, and the concentrators with
the highest ηopt are shown in Figure 4.8. The best top surface mirror for each luminophore
was determined by simulating the concentrators with a quantum yield of 0.9, an optical
density of 1 at 450 nm, and a lateral size of 1 m x 1 m.
For luminophores with significant overlap between the absorption and emission spec-
tra, we find that it is more important to allow light into the concentrator than to reflect the
emitted light. As seen in Figures 4.8 (a) and 4.8 (b), the optimum mirrors for the concen-
trators with the CdSe and CdSe/3ML CdS luminophores transmit a large fraction of the
incident light, but have poor reflection of the emitted light at lower angles. In these cases,
there is significant absorption near the onset of the reflectivity band due to the presence of
high intensity excitonic features for core and core/thin shell nanocrystals. Therefore, small
shifts in the reflectivity band onset have a large impact on the absorption efficiency of the
concentrator.
The luminophores with significant overlap between the absorption and emission spectra
also have a smaller ηwg than the luminophores with a small overlap between the absorption
and emission spectra, due to the high likelihood of reabsorption of emitted photons. The
emitted photons in concentrators with significant spectral overlap are less likely to interact
with the top surface mirror than the emitted photons in concentrators using a luminophore
with a large Stokes shift. The decrease in interaction with the top mirror reduces the benefit
of an emission weighted mirror that traps the emitted light over a large range of angles.
This can be seen from the reflectivity of the optimum mirrors for CdSe and CdSe/3ML
CdS luminophores shown in Figure 4.8 (b).
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Figure 4.8: Comparison of optimum aperiodic mirrors for concentrators with CdSe-based
luminophores. (a) The fraction of incident light absorbed as a function of wavelength. (b) The
reflectance of the mirror as a function of angle is weighted over the emission spectrum of the
luminophore. (c) The predicted performance of the concentrator is calculated using the Monte
Carlo model with an open top (solid) or the aperiodic mirror (dashed). Results are compared for
CdSe core nanocrystals (blue), CdSe/CdS core/shell nanocrystals with a 3 monolayer CdS shell
(red), and CdSe/CdS core/shell nanocrystals with a 7 monolayer CdS shell (green).
Therefore, designing spectrally-selective mirrors for materials with significant overlap
between absorption and emission spectra requires emphasis on improving the absorption
efficiency of the concentrator as opposed to the trapping efficiency. This will allow for only
modest improvements over the open top designs shown in Figure 4.5 (a) for quantum yields
near 0.9. However, for luminophores with significant Stokes shifts and low overlap between
the absorption and emission bands, introducing a spectrally-selective mirror leads to signif-
icant performance enhancements across a wide range of quantum yields. As reabsorption
losses become less significant, escape cone losses dominate the loss pathways, making trap-
ping designs more critical. Nevertheless, this result indicates that it is important to consider
the dominant loss pathways to determine if the introduction of spectrally-selective mirrors
will lead to significant performance enhancement.
4.4 Conclusions
A series of spectrally-selective, top surface mirrors were designed to favor different sce-
narios, including the transmission of sunlight into the concentrator and the omnidirectional
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reflection of luminescent light for trapping within the concentrator. Figure 4.9 outlines
the major conclusions we found from this study, namely that mirrors that prioritize inci-
dent sunlight transmission are favored when the concentrators have a high loading fraction
of luminophores, when the concentrators are small, or when there is significant overlap
between the absorption and emission spectra. The emission weighted mirrors result in
higher performance at higher quantum yields, when the concentration of the luminophores
is lower, the lateral size is larger, or there is low overlap between the absorption and emis-
sion bands of the luminophore. These emission weighted mirrors lead to the highest overall
concentration factors found, as they are favored at conditions where there are significant
photon recycling events that keep light trapped within the concentrator. The guidelines here
could also be applied to other materials systems to improve the performance of LSCs with
non-ideal luminophore properties.
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Figure 4.9: Summary of preferred mirrors for different designs of the LSC. (a) When the quantum
yield is low, either mirror provides benefit. At high quantum yields, the emission weighted mirror
offers greater benefits. (b) The choice of mirror depends on the concentration of luminophores in
the slab, with the emission weighted mirror preferred at low concentrations. (c) The emission
weighted mirror is also favored at large lateral sizes. (d) Luminophores with significant overlap
need mirrors with more transmission, whereas mirrors with little overlap show better performance
with the emission weighted mirror.
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Chapter 5
Integrating Photonics with Luminescent
Solar Concentrators: Optical Transport
in the Presence of Photonic Mirrors
5.1 Introduction
High performance LSC operation necessitates both high quality luminescent down-
shifters and efficient light guiding to the adjacent solar cell. A recent resurgence in research
in LSCs has been driven by the synthesis of highly performing downshifting materials
based on luminescent nanocrystals [19, 20, 23, 24, 121]. These quantum dot nanocrys-
tals meet many of the criteria for ideal luminophores, including high quantum yields,
tunable absorption and emission, and resistance to photobleaching. In this chapter we
specifically focus on quasi-type-II band aligned core/shell heterostructures, as this is a
common nanocrystal materials platform that has been synthesized with quantum yields
as high as 97% for heterostructures with thin shells and 86% for heterostructures with thick
shells [24,112]. These nanocrystals have also been synthesized with narrow emission band-
widths making them good candidates for combination with the photonic architectures that
will be discussed later [1]. Nevertheless, the quantum yield of these nanocrystals may be
reduced when integrated into the polymer matrix, and similar materials with large Stokes
shifts and diminished toxicity are potential replacements [13,122]. Additional light harvest-
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ing benefits for single junction LSCs are also expected if longer wavelength luminophores
are used, but we focus here on the CdSe/CdS combination because it is commonly studied
and could be integrated with III-V solar cells.
However, even if highly performing nanocrystals are integrated into LSCs, performance
will be limited by optical transport. To address this problem, the goal of this chapter is to
understand optical transport in the presence of different photonic structures, as designed
for LSCs that utilize luminescent nanocrystals. The emission spectrum of the luminescent
nanocrystals is typically narrower than dyes, making them particularly suitable for com-
bination with photonic structures of limited bandwidth [25]. Recent results have shown
that the combination of wavelength-selective Bragg mirrors on the top interface with these
nanocrystals results in high concentration factors for solar cells mounted in the middle of
the LSC, enabled by a reduction in escape cone losses [1, 25, 55]. These devices can pro-
duce very high concentration factors, but also require high quantum yield nanocrystals and
nearly perfect mirrors to translate the trapped light to the solar cell. Other recent proposals
to improve light guiding include integrated photonic crystals, 3D opal structures, aligned
luminophores to control the angle of emission, and others [2, 54, 123–126].
This chapter uses modeling to study the specific case of optical transport in LSCs that
incorporate Bragg mirrors on the top surface, first showing that for operation over suffi-
ciently large areas it is important to couple the luminescent light into guided modes with
significant lateral propagation. The influence of different types of back reflectors on the
conversion efficiency is then studied, and design guidelines for the use of phase shifting
mirrors to force trapped light to propagate toward the adjacent solar cell are identified.




A ray-tracing Monte Carlo code is used to calculate the propagation of light throughout
the LSC, and to track the outcome of every incident photon [1, 127]. The LSC consists
of a polymer waveguide with refractive index of 1.49 and an overall thickness of 150 µm,
where the middle 75 µm of this layer is filled with CdSe/CdS core/shell heterostructures
loaded at an optical density of 0.8 (Figure 5.1 and Figure 5.2). The emission spectrum of
these nanocrystals is maximized at 598 nm, with a bandwidth of approximately 31 nm.
The refractive index of the polymer-nanocrystal composite is assumed to be equal to the
polymer alone, which is a reasonable assumption at the loading fractions studied here [61].
The solar cell is mounted to the right side face of the waveguide and specular mirrors are
mounted to the other side faces of the waveguide with a 10 µm air gap between the polymer
and mirror. Unless stated otherwise, the mirror reflectivity is set to 0.99. A quantum
yield of 70% is typically assumed, which has been achieved in CdSe/CdS quantum dot
and polymer composites, but is also significantly lower than the solution-phase quantum
yields [24, 25]. This assumption allows for a comparison of photonic architectures when
the quantum dot has significant non-radiative loss. In this study, emphasis is placed on
guiding photons to a face mounted solar cell, and, as such, it is assumed that the interface
between the solar cell and the LSC transmits light into the solar cell with unity efficiency.
No other properties of the solar cell are assumed, as collection is defined only as light that
reaches the edge of the concentrator. Sunlight is simulated with wavelengths ranging from
330 nm to 700 nm, incident over a range of injection positions on the top surface. The
spacing of this grid is dependent on the size of the top face so that 641,601 photons are
injected with equal spacing over the top face for each wavelength.
The concentration factor C for the LSC is given by C = ηG, where G is the geometric
concentration factor and η is the optical efficiency, or the fraction of incident photons that
reach the edge of the solar cell. To compare structures, we focus on maximizing η and keep
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Figure 5.1: Schematic showing loss mechanisms of a luminescent solar concentrator. The green
layer in the polymer waveguide is the nanocrystal-embedded layer. In this geometry the solar cell
is mounted to the right face of the polymer waveguide (n=1.49). Mirrors surround the front/back,
left, and bottom faces of the waveguide separated by a 10 µm air gap.
Figure 5.2: (solid) Absorption and (dashed) normalized emission spectra of CdSe/CdS dot-in-rod
heterostructures. The nanocrystal properties are derived from Reference [1].
G fixed, since G is defined by the ratios of the sizes of the solar cell and of the concentrator.
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5.3 Results and Discussion
In an ideal LSC, all of the incident sunlight is absorbed, re-emitted at a longer wave-
length with unity quantum yield, and then trapped via total internal reflection (TIR) until
it collected by the solar cell. Figure 5.1 outlines some of the loss mechanisms that prevent
ideal operation, including initial absorption losses due to non-unity quantum yield, reab-
sorption losses, losses to the escape cone, and losses to the mirrors along the edges. The
first depends on the synthesis of the nanocrystals and the embedding of the nanocrystals
in the polymer matrix, whereas the latter three depend on the optical transport within the
system. In particular, reabsorption losses depend on both the Stokes shift of the nanocrystal
and the pathway of the emitted light through the LSC. Other losses that are not depicted in
this figure include reflection off the top interface and photons that are not absorbed in two
passes through the LSC and are subsequently reflected out of the waveguide. These losses
are counted separately in the model.
The escape cone and mirror losses are strongly dependent on the optical transport within
the LSC. Escape cone losses occur when light is emitted at an angle θ < θc, where θc is the
critical angle for TIR within the polymer and the angles are defined with respect to normal
incidence. The critical angle for a polymer with index of 1.49 and air is approximately 43◦.
This loss mechanism can be suppressed with the addition of a wavelength-selective mirror,
such as a Bragg reflector, on the top interface. These mirrors are designed to accept sunlight
within the absorption band of the semiconductor into the LSC, and to trap the luminescent
light that would otherwise couple out of the LSC. In the system considered here, the sides
of the LSC that do not contain the solar cell and the bottom face are covered with mirrors,
separated from the LSC by an air gap. The purpose of the air gap is to reduce mirror losses:
photons trapped in TIR modes never interact with the mirror because they are reflected at
the polymer/air gap interface and trapped inside the polymer waveguide. The only light
that interacts with the bottom mirror is therefore light that falls within the angular range
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−θc < θ < θc.
Figure 5.3 shows the results of calculations comparing the optical efficiency η and
losses in an LSC with an open top to one that includes a Bragg reflector. The characteristics
of the Bragg reflector are described in Figure 5.4. The LSC modeled in Figure 5.3 is 1 mm
x 1 mm, which although smaller than a realistic LSC serves as a reasonable starting point
for understanding the origin of the losses inside the system. A diffuse mirror is mounted
to the bottom face of the luminescent solar concentrator separated from the polymer by a
10 µm air gap. The fraction of incident photons of varying wavelength that reach the solar
cell is shown in Figure 5.3 (a), along with the fraction of photons lost to the escape cone,
to reabsorption, and to the mirrors along the edges (Figures 5.1 (b) - (d)).
In general, the optical efficiency is high where the CdS is absorbing (λ < 500 nm), and
small but non-zero at wavelengths longer than the bandgap. This arises from the mirrors
surrounding the LSC, as a small fraction of incident photons are directed onto the solar
cell without undergoing the absorption and emission process. Significantly higher optical
efficiency is predicted for the Bragg mirror than the standard LSC. At wavelengths shorter
than 500 nm, this enhanced performance is due to a reduction in coupling to the escape cone
(Figure 5.3 (b)). At wavelengths longer than 500 nm, the Bragg mirror is more effective
because it traps incident light that falls within its reflection band. While there is significant
reflection off the top surface for photons incident at wavelengths over the emission band of
the nanocrystal, any of this sunlight that does enter the LSC will be trapped by the Bragg
mirror and directed toward the solar cell (Figure 5.4).
Although the LSC containing the Bragg mirror suppresses escape cone losses, it has
slightly higher reabsorption and mirror losses. These observations are consistent with the
optical transport in the presence of a Bragg mirror. This design does not guide the emitted
photons into the total internal reflection modes; it merely traps the photons that fall in the
angular range−θc < θ < θc within the LSC. Photons with angles close to normal incidence
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Figure 5.3: Monte Carlo ray-tracing simulations showing optical efficiency (a) and loss
mechanisms ((b) - (d)) as a function of wavelength. Panel (b) shows the reabsorption loss, (c) the
escape cone loss, and (d) the total mirror loss due to both the side and bottom mirrors. Results are
shown for a standard LSC (black), one including a Bragg mirror on the top face (blue), and one
where the angle of emission of the luminophore is restricted to couple into the TIR modes (green).
The LSC size is 1 mm x 1 mm.
propagate short lateral distances, reflecting off of the Bragg mirror and the bottom diffuse
mirror many more times before reaching the solar cell and resulting in increased reabsorp-
tion and mirror losses compared to the light in TIR modes. To illustrate this difference,
calculations are shown in Figure 5.3 for luminescent materials with a restricted angle of
emission, such that every emission event produces θ > 45◦ or θ < −45◦. This assumption
couples all emitted light into TIR modes, making the difference between the two calcula-
tions the light that would otherwise be in the escape cone. As seen in Figures 5.3 (b) and
(d), restricting the angle of emitted light to fall within the TIR angles reduces losses to re-
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Figure 5.4: Probability of reflection from a 1D Bragg mirror for (a) s and (b) p polarized light.
The bandgap of the Bragg mirror is tuned to match the emission spectrum of the heterostructures
from Figure 5.2. The properties of the Bragg mirror are derived from Reference [1].
absorption and the faces relative to the Bragg mirror, consistent with the smaller number of
reflection events needed to reach the solar cell. The escape cone losses are slightly higher,
since in this case there is no Bragg reflector on top, and it is possible for light that reaches
the sides to be coupled out of the LSC.
Figure 5.5 compares the optical efficiency and loss mechanisms as a function of the
size of the LSC, up to a 10 mm x 10 mm device. Results are shown for the LSC with all
emission directed into TIR modes (Figures 5.5 (a) - (d)), and the LSC including the Bragg
mirror (Figures 5.5 (e) - (h)). The expectation is that with increasing size, optical transport
is a more limiting factor, and so the divergence should be greater between the Bragg mirror
LSC and the case where all light is coupled into TIR modes. Indeed, although the optical
efficiency of both decreases with increasing size, the reduction in optical efficiency occurs
more rapidly for the Bragg mirror than the case with all light in TIR modes (Figures 5.5 (a)
and (e)). The Bragg mirror is also more affected by the reabsorption losses, although both
systems show an increase in these losses with increasing size (Figures 5.5 (b) and (f)). The
escape cone losses are considerably higher for the case where all light is in TIR modes, but
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Figure 5.5: Predicted LSC performance as a function of lateral size from 1 mm to 10 mm where the
angle of emission is restricted to the TIR angles ((a) - (d)) and where a Bragg mirror is included
((e) - (h)). The performance metrics shown are optical efficiency ((a) and (e)), reabsorption loss
((b) and (f)), escape cone loss ((c) and (g)), and bottom mirror loss ((d) and (h)).
decreases with increasing size, as opposed to the Bragg mirror that has a slight increase in
escape cone loss as the structure gets larger (Figures 5.5 (c) and (g)). And finally, the Bragg
mirror has increasing loss in the bottom mirror as the size increases (Figure 5.5 (h)). When
all light is in the TIR modes, no photons interact with the bottom face mirror, making these
losses negligible (Figure 5.5 (d)).
In this system the sides of the LSC are covered with mirrors rather than additional
solar cells (Figure 5.1), and η represents the fraction of incident photons that propagate to
one edge. Another version of this device would mount solar cells to all of the adjacent
sides, necessitating only collection from a portion of the collector. In terms of the effect
on a single solar cell, placing mirrors on the other sides is similar to having devices on the
other sides with high radiative efficiency. In consideration of this type of layout, Figure 5.6
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Figure 5.6: Optical efficiency as a function of distance from the solar cell for the standard LSC
(black), the LSC with a Bragg mirror (blue), and the LSC where all the luminescence is restricted
to the TIR angles (green). In (a) the LSC is 1 mm x 1 mm, and in (b) the LSC is 10 mm x 10 mm.
shows the optical efficiency for the different devices as a function of distance away from
the side containing the solar cell. The calculations are shown for incident sunlight with a
wavelength of 430 nm, which is within the absorbing region of the CdSe/CdS core/shell
particle spectrum, and at LSC sizes of both 1 mm x 1 mm (Figure 5.6 (a)) and 10 mm x 10
mm (Figure 5.6 (b)). For each position, the simulation is run 50 times, and the results are
averaged. In the smaller concentrator there is a rapid decrease over the first 100 µm for all
three devices. In the larger concentrator there is a slight decrease in for both the standard
LSC design and the case where all light is in TIR modes, since as the distance increases the
reabsorption losses increase.
Interestingly, the Bragg mirror design does not show a steady decrease with increasing
distance from the edge. This anomalous phenomenon is visualized by simulating photons
near the opposite side face of the luminescent solar concentrator and tracing the position.
Emitted photons near the opposite edge of the LSC can reflect off the Bragg mirror on the
top surface, reflect off the mirror on the edge opposite from the solar cell after traveling
through the air gap, and re-enter the polymer waveguide in a total internal reflection mode.
Photons in total internal reflection modes are much more likely to be collected by the solar
68
cell, which increases the total fraction collected at that distance for the Bragg mirror simu-
lation. This supports the evidence from earlier simulations: it is insufficient to merely trap
light inside the LSC, but instead light must couple into modes with sufficient propagation
to have high probability of collection by an edge-mounted solar cell.
One potential solution to this problem is to integrate phase shifting mirrors that anoma-
lously reflect incident light, as recently demonstrated with plasmonic metasurfaces [128,
129]. When light reflects off a phase shifting mirror, the reflected light is phase shifted and
obeys the generalized law of reflection sin θr− sin θi = 1nik0
dφ
dx
, where θr is the angle of re-
flection, θi is the angle of incidence, ni is the refractive index on the incident side, k0 is the
free space wavevector, and dφ
dx
is the gradient of the phase [130]. If the phase varies linearly,
then dφ
dx
is a constant, which adds a parallel wavevector to the incident wavevector. The an-






= sin−1 (θi + δ)
[130].
This also predicts that for θi ≥ sin−1 (1− δ) light will be coupled into a surface bound
mode that propagates along the interface. Therefore with an appropriate choice of δ, as
determined by the nanostructures used on the mirror to impart a phase shift, the reflected
light can be steered toward desirable angles in accordance with the generalized law of
reflection.
For our purposes, there are a few constraints on the desirable parameters of the phase
shifting mirror. First, coupling into a surface bound mode is undesirable, as this would
likely lead to higher losses to the bottom face mirror rather than efficient propagation to-
ward the edge-mounted solar cell. Fortunately many phase shifting mirror designs are inef-
ficient at higher angles of incidence, and exhibit specular reflection rather than anomalous
reflection. To understand the upper limits of the design, we apply the assumption that light
is not coupled into surface bound modes at high angles of incidence, but is instead reflected
specularly. We also assume that this phase shift only needs to occur over the bandwidth of
69
Figure 5.7: Schematic showing the path of a normally incident photon through a luminescent solar
concentrator with a phase shifting bottom mirror. The structures in (c) and (d) are without an air
gap, and (a) and (b) include an air gap. The two columns represent two different values of δ,
δ = 1− 11.49 = 0.33 ((a) and (c)) and δ = 11.49 = 0.67 ((b) and (d)).
the emission of the luminophores, so a broadband phase shifting mirror is not necessary.
Notably this system is somewhat different than light trapping for solar cells accomplished
with phase shifting mirrors, as the goal here is to couple light into the modes with the most
significant propagation [130, 131].
The idea is illustrated schematically in Figure 5.7, for the cases where the phase shifting
mirror is applied directly on the bottom of the LSC and when it is separated by an air gap.
The schematic is shown for light of normal incidence, but similar arguments apply for





= 0.67. Figure 5.8 shows the assumed dependence of the reflected angle on the
incident angle. Considering the case without the air gap first, light of normal incidence
(θ1 = 0◦) hits the bottom mirror and is reflected with a phase shift at a new angle of
reflection 0◦ < θ2. The light then propagates back through the LSC until it reflects off
the top Bragg mirror specularly, and is reflected back to the back mirror with 0◦ < θ2.
This results in another phase shift, such that the angle of the light when it is refracted
back into the polymer follows 0◦ < θ2 < θ3. Without an air gap, this continues until
θi ≥ sin−1 (1− δ), in which case the light is reflected specularly. However, this gradual
steering toward modes with more lateral propagation may be interrupted by reabsorption.
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Figure 5.8: Reflected angle vs. incident angle using generalized Snells law with the assumption
that if the photon would be scattered into a surface mode it is instead reflected specularly. (solid)
Phase shifting mirror with a phase shift of 1npolymer 0.67. (dashed) Phase shifting mirror with a
phase shift of 1− 1npolymer 0.33.
If at any point during the propagation through the LSC the photon is reabsorbed by the
nanocrystals, then it will be re-emitted at a new angle and the phase shifting process will
restart. Without an air gap, the ideal scenario is therefore to couple all light into the TIR
modes, which then reflect specularly.
The optimal configuration of the phase shifting mirror changes when an air gap is in-
cluded (Figures 5.7 (a) and 5.7 (b)). If an air gap is applied, then the TIR modes undergo
specular reflection at the polymer/air interface and do not interact with the phase shifting
mirror. The only light that is incident on the phase shifting mirror is that which falls in
the angular range −θc < θ < θc. The air gap is beneficial since it protects the TIR modes
from mirror loss, but it is also no longer possible to use the phase shifting mirror to couple
light into the TIR modes. The most favorable situation is now to steer the reflection as
close to the critical angle of the polymer as possible. This favors a small δ, as it is better
to gradually steer all the light toward this angle, and for reflection to only become specular
at very oblique angles of incidence. Of course if the phase shift is too small then the phase
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shifting mirror behaves as a specular mirror, and the advantage of the phase shift is lost.
Figure 5.9 shows a comparison of optical efficiency and losses for LSCs containing
different bottom face mirrors as a function of mirror reflectivity, both with and without
air gaps. The resulting spectral optical efficiency and losses are weighted by the solar
spectrum over the region where the LSC is absorbing (330 - 500 nm), and the full spectral
characteristics are given in Figure 5.10). The LSC is 10 mm x 10 mm. For simplicity the
mirror reflectivity is assumed to be constant at all wavelengths. Results are also shown for
a specular mirror of the same reflectivity and a diffuse mirror that scatters light with equal
probability per solid angle. A Bragg mirror is present on the top interface in all cases.
Comparing the predictions for the standard mirrors first, the specular mirror has higher
optical efficiency than the diffuse mirror. This is a consequence of including the Bragg
mirror on the top surface. With a diffuse mirror, light at normal incidence can be scattered
into modes with more lateral propagation, but the reverse process is also true. Since there
are essentially no escape cone losses at the top interface, this favors the use of a specular
mirror. As discussed earlier, the inclusion of the air gap is extremely important, as it reduces
the effect of mirror losses. With an air gap, the light in TIR modes experiences no loss upon
reflection with the back of the LSC as it never interacts with the back mirror.
Even at relatively low mirror reflectivity values, there is a significant gain from includ-
ing the phase shifting mirror, although the improvement is most significant for the case
without an air gap. At most mirror reflectivities the presence of the air gap is favored,
but at very high reflectivities the phase shifting mirrors without an air gap become more
favorable. For the case with no air gap and a phase shifting mirror, light within the range
θc < θ < θc can be coupled into TIR modes with θ > θc. As long as the mirror losses are
sufficiently low such that the extra reflections compared to the air gap case are tolerable,
this provides an advantage as more light is coupled into propagating modes with reduced
reabsorption. For the case with the air gap, the phase shifting mirror cannot convert light
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into TIR modes, but it can redirect the light within the angular range θc < θ < θc close
to θc. This improves the propagation by reducing the number of passes through the reab-
sorbing nanocrystal layer and the number of interactions with the bottom mirror. These
assignments are supported by Figures 5.9 (b) and 5.9 (c), which show that the phase shift-
ing mirror leads to reduced bottom mirror losses and reduced reabsorption losses due to the
minimized interaction time as the photons propagate toward the edge-mounted solar cell.
Between the two values of δ shown in Figures 5.7 and 5.9, the smaller phase shift is
favored slightly, but the difference is sufficiently small to indicate that enhanced perfor-
mance could be expected from a wide range of phase shifts. The best case scenario is that
the light will be steered toward an angle that is less than but close to the critical angle, in
order to maximize propagation and minimize interaction with both the back mirror and the
reabsorbing luminescent layer. If the phase shift is too large, then the angle quickly reaches
the θi ≥ sin−1 (1− δ) condition where the mirror becomes specular, and so the final angle
of the propagating beam is not close to the critical angle. If the phase shift is small, then
the angle where θi ≥ sin−1 (1− δ) is steeper, and so the light within the polymer is steered
closer to the critical angle. The difficulty is that as δ decreases, it becomes similar to a
specular mirror. This explanation indicates that there should be an optimal value of δ.
A variety of different phase shifting mirrors based on metasurfaces have been proposed
recently for use in reflection. One commonly used approach is to create gap-plasmon struc-
tures, which have been shown to operate under both polarizations of incident light, although
designs based on lower loss dielectric structures have also been demonstrated to have com-
plete phase control [128, 130, 132, 133]. A gap-plasmon metasurface with the appropriate
phase shift to serve as the mirror in this LSC is shown in Figure 5.11 calculated following
the method described in [130].
The period of the repeating structure (Γ) is related to the gradient of the phase shift
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Therefore for the case where we assume an air gap (n = 1), and are targeting 600 nm











For simplicity we assume that the metal surface is dispersionless over the band of the
luminescence, and has a complex refractive index of n = −7i. We use finite difference
time domain simulations to design the structure. For a 3000 nm period, we assumed that 10
sub-cells of 300 nm would be used, each containing a nanostructure of a particular width.
The full set of 10 sub-cells are designed to span the entire 2pi phase shift, with each sub
cell contributing 2pi
10
phase shift. Simulations were performed on the individual sub-cells
to extract the phase from a variety of different nanostructure widths, then the widths were
chosen to achieve linear gradation in phase over the 3000 nm unit cell. The final chosen
widths are shown in Table 5.1, based on the data shown in Figure 5.12 (a).
Simulations are then performed on this structure as a function of angle of incidence,
as shown in Figure 5.12 (b), which shows the fraction of power at each angle of incidence
coupled to each outgoing angle of reflection. This structure is not necessarily designed to
be the optimal metasurface for this application, but is an example of a metasurface that
fulfills the design criteria, and becomes more of a specular mirror as the angle of incidence
becomes steeper.
The key benefit of these phase shifting mirrors is that they can be used to couple prop-
agating light into angles that reduce reabsorption losses, potentially enabling the use of
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semiconductor nanocrystals with lower quantum yields. Figure 5.13 shows a comparison
of the optical efficiency of the different designs discussed here as the quantum yield varies.
Results are shown for the standard, open-top LSC, one with a Bragg mirror on the top sur-
face, one with a phase shifting mirror of δ = 1− 1
1.49
= 0.33, and one where all the emitted
light is coupled into the TIR modes. Adding any photonic structure to manage light leads to
significantly enhanced performance, with more noticeable gain at higher quantum yields.
(Figure 5.9 assumed a quantum yield of 70%). Although the example case where all light
is coupled into TIR modes has the best performance, a significant enhancement is predicted
when the phase shifting mirror is integrated with the Bragg mirror to redirect trapped light
into modes with more lateral propagation. By integrating a phase shifting mirror and a
Bragg reflector into the LSC design, a nanocrystal with a quantum yield of 76% performs
as well as a nanocrystal of 84% quantum yield inside an LSC with a Bragg reflector alone,
or a nanocrystal with 99% quantum yield with no photonic light trapping elements. This
finding supports the idea that luminophore design is not the only component to address in
creating efficient LSCs: careful optical design can compensate for non-ideal nanocrystals.
5.4 Conclusions
To achieve high performance from LSCs, it is necessary to guide the luminescent light
to the solar cell while minimizing other loss pathways. This chapter considers and com-
pares photonic architectures that trap luminescent light within the LSC, and shows that it
is important to couple light into modes with significant lateral propagation. To accom-
plish this goal, phase shifting mirrors that redirect light according to generalized Snells law
of reflection are proposed, and calculations indicate that the use of these mirrors would
lead to significantly higher concentration factors. For a quantum yield of 70% and mirror
reflectivity of 0.99, concentration factors of up to 16.1 are achievable for LSCs utilizing
phase shifting and Bragg mirrors compared to 12.8 for the standard LSC geometry. Here
75
the phase shifting mirror is robust to small variations in the gradient of the phase, does not
need to be broadband or isotropic, and can lead to performance enhancement even with sig-
nificant reflectivity loss. These results indicate that the use of phase shifting mirrors could
have significant benefits for the use of lower quality or imperfect luminescent materials,
while still enabling high concentration factors.
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Figure 5.9: Solar spectrum weighted optical efficiency (a), bottom mirror loss (b), and
reabsorption loss (c) as a function of mirror reflectivity. The solid lines include an air gap and
dotted lines do not. Four different types of mirrors are compared: a diffuse mirror (dark blue), a
specular mirror (red), and the two phase shifting mirrors. The solar spectrum is weighted over the
absorption of the luminophore, from 330 - 500 nm.
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Figure 5.10: Comparison of optical efficiency between (solid) phase shifting mirror and (dashed)
specular mirror for varying mirror reflectivity. (a) Phase shifting mirror with phase shift of 0.33
and specular mirror without an air gap between the polymer waveguide and bottom mirror. (b)
Phase shifting mirror with phase shift of 0.67 and specular mirror without an air gap. (c) Phase
shifting mirror with phase shift of 0.33 and specular mirror with a 10 µm air gap between the
polymer waveguide and bottom mirror. (d) Phase shifting mirror with phase shift of 0.67 and a 10
µm air gap.
Figure 5.11: Schematic of a metasurface mirror, with the widths given in Table 5.1. The dielectric
layer has a thickness of 5 nm, and each metal block is 10 nm tall.
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Figure 5.12: (a) Calculated phase shift at different widths of the top metal block, calculated in 300
nm unit subcells. (b) After a full array is designed consisting of 10 sub-cells, each containing a
single nanoblock with the width in the table, the array is 3000 nm in length. This calculation
shows the incident angle and reflected angle, with the fraction going into each angle represented
by the color axis.
Figure 5.13: Solar spectrum weighted optical efficiency as a function of luminiophore quantum
yield for different mirrors. An air gap is included between the polymer and the mirrors.
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Chapter 6
Modifying the Angle of Emission from
Luminophores Using Alternating High
and Low Refractive Index Layers
6.1 Introduction
Chapters 4 and 5 showed the increase in concentration factor possible by utilizing
photonic designs implemented on the top and bottom faces of the LSCs. However, the
spectrally-selective mirrors and phase-gradient metasurfaces discussed earlier still do not
reach the hypothetical performance of an LSC where all emitted light is coupled into TIR
modes upon every emission event. This phenomenon could be realized if the angle of
emission from the luminophores was controlled. This chapter will focus on photonic struc-
tures that modify the local electromagnetic environment of the luminophores to change the
emission angle.
For large-area luminescent solar concentrators it can be assumed that only the light in
the total internal reflection (TIR) modes will be collected by the solar cell. For a sufficiently
large path length in the concentrator it is highly likely that emitted light that does not reflect
off of the top and bottom faces with 100% probability will eventually be transmitted after
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This equation can be broken down into the product of the concentration of the excited
luminophores, the overall electric dipole moment of the luminophore at a given frequency,
and the photonic local density of states (LDOS) of the TIR modes averaged over the volume
of the waveguide core. In this equation N is the number of luminophores, f is the fraction
of luminophores in the excited state, da(ω) is the dipole strength, k is the wavevector, V
is the volume, and E∗(T )ωk is the normalized electric field profile. In the case where the LSC
has the same type of luminophore and number of excited luminophores this equation shows
that the rate of collection by the solar cell will be directly related to the photonic LDOS.
The photonic LDOS is defined as [61]
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where n is the refractive index of the surroundings,E is the transient electric field, and p is
an arbitrary excitation pulse spectrum. Therefore, the refractive index of the surroundings
can have a large impact on the photonic LDOS and by tuning the refractive index of the
surroundings with nanophotonic designs it is possible to tune both the wavelength of emis-
sion [59,60] and the angle of emission [2,61,123]. For example, [2] modifies the photonic
LDOS by placing a luminophore embedded layer within a Bragg stack (Figure 6.1). This
design significantly improves light guiding over a small spectral range as the emission from
the luminophores in this region is highly directional into the total internal reflection modes.
These nanophotonic cavities can significantly improve the light guiding in LSCs by
controlling luminophore emission into total internal reflection modes. However, for most
of these designs the luminophore embedded layer has a thickness that is also on the order
of the wavelength of light, which is much thinner than the thickness of most bulk con-
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Figure 6.1: Schematic of photonic LSC used in [2].
centrators. This will reduce the absorption efficiency of the LSC unless the layer has an
extremely high loading fraction, which will reduce overall LSC concentration factor. To
address this problem, I designed an LSC where luminophores are directly embedded into
one of the two sets of layers that make up the Bragg stack. Using FDTD simulations I
studied how different properties of the photonic LSC affected the light guiding within the
concentrator.
6.2 Methods
A nanostructured stack LSC was designed using a 1D Bragg stack as its basis as seen
in Figure 6.2. In this design 10 alternating pairs of high (red) and low (blue) refractive
index layers are stacked to form the 1D Bragg structure with one extra layer of high or low
refractive index for simulations when the luminophores are in the low or high refractive
index layer respectively. The high refractive index material is modeled after titania and
defined with a refractive index of 2.3 over the wavelength range. The low refractive index
material is modeled after a polymer such as PMMA and defined with a refractive index
of 1.5. In these simulations it was assumed that the materials were not dispersive and the
loading of the luminophores into one of the two sets of layers did not significantly affect the
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Figure 6.2: Schematic of my photonic LSC design show a stack of quantum dots embedded in
polymer (blue) and titania (red) layers. The inverse layer structure is used for quantum dots
embedded in the titania layer.
refractive index of the composite. The luminophore loading should not affect the refractive
index of the composite as long as the loading fraction is small, which will be discussed in
Chapter 7.
The thickness of the layers was chosen such that the center of the photonic band stop




In this equation t is the thickness of the layer, λd is the design wavelength, and n is the
refractive index of the layer.
To simulate the performance of these photonic concentrators a FDTD algorithm was
used in the commercial software package Lumerical Solutions. For more information on
the FDTD algorithm see Section 3.2. This software package requires the geometry of the
structure, location of the monitors, refractive index models for the layers, and the mesh
size used for the discretization as inputs. In these simulations two monitors were placed
860 nm above and below the photonic LSC to determine if the emitted light escapes out of
the top face. The monitors must be placed a distance away from the photonic LSC that is
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on the order of the wavelength of interest as that was found in preliminary simulations to
be necessary to not collect evanescent waves off the photonic LSC as escaped losses. To
ensure that the emitted light is given the chance to escape out of the top or bottom face the
lateral size of these simulations is 15 µm, which is significantly larger than the thickness of
the full stack (1.7 µm). Finally, the mesh size for these simulations is set to be 2 nm over
the full simulation range so that each layer is discretized with at least 30 cells.
After defining the geometry and other simulation parameters a dipole emitter is defined
in order to simulate emission from the structure. In these simulations an unpolarized dipole
was placed at the middle of each of the layers of interest to predict the performance of the
photonic LSC. Preliminary simulations showed no significant difference between a dipole
placed at the center of the layer and one placed at different locations within the layer. After
the FDTD algorithm in performed in Lumerical Solutions, the output data is collected by
the monitors, which is exported to MATLAB for further processing.
6.3 Results and Discussion
Figure 6.3 shows the fraction that escapes out of the top and bottom faces for lu-
minophores embedded in each layer within the stack. The dotted black line shows the
reflectance spectrum for light incident on the photonic design at normal incidence. In this
figure layer 1 is the bottom layer of the structure and layer 10 is the top layer. For lu-
minophores embedded in the polymer layer there is one layer of titania below layer 1 and
above layer 10. For luminophores embedded in the titania layer the opposite is true. Even
though the fraction lost to the escape cone increases when luminophores are embedded
in the layers closer to the outside of the photonic LSC there is still a spectral region for
luminophores embedded in both the polymer and titania layer where the fraction in the
escape cone is less than a standard concentrator of the same refractive index.
For luminophores in the polymer layer light guiding is enhanced for wavelengths greater
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Figure 6.3: Predicted escape cone losses for a photonic LSC with luminophores embedded in the
polymer (a) or titania (b) layer of the 1D Bragg stack.
than 500 nm. At its peak near the center of the structure the escape cone losses are reduced
by 36% compared to the escape cone losses predicted for a standard LSC with the same
refractive index as the polymer and a thickness equal to the thickness of all of the emitting
layers put together. For luminophores in the titania layer the light guiding is enhanced for
wavelengths between 475 nm and 550 nm. At its peak the escape cone losses are reduced
by about 14% compared to a standard LSC with a refractive index of the titania layer and a
thickness of all emitting layers put together. The light guiding for luminophores embedded
in the titania layer is only enhanced over a small bandwidth because the fraction escaped
monotonically increases through the region of the photonic band stop for luminophores in
the titania layer, which does not occur when the luminophores are embedded in the poly-
mer layer. In addition, the fraction trapped by the titania standard LSC is significantly
higher than the polymer standard LSC due to the higher refractive index. Therefore, it is
predicted that enhanced light guiding would only be observed for narrow band emitting lu-
minophores embedded in the titania layer, while the luminophore could have a significantly
wider emission band and still observe enhanced light guiding if embedded in the polymer
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Figure 6.4: Log of electric field intensity for a luminophore embedded in the center of a standard
polymer layer (a), a polymer layer within a photonic LSC (b), a standard titania layer (c), and a
titania layer within a photonic LSC (d).
layer.
The increase in light guiding by the photonic structure when compared to the standard
LSC is due to the highly directional emission from the emitters within the photonic struc-
ture. The log of the emitted electric field intensity for a dipole placed in the middle of the
structure and with a wavelength that corresponds to the minimum escape cone losses is
shown in Figure 6.4. In the case of the standard LSC, (Figure 6.4 (a) and (c)), we see an
electric field distribution that matches with the emission of an unpolarized dipole within a
medium. A fraction of the emitted light escapes the top or bottom of the concentrator, but
a large fraction of the light is trapped by total internal reflection. Figure 6.4 (c) has a larger
fraction of the emitted light trapped within the LSC compared to the polymer concentrator
in Figure 6.4 due to the higher refractive index. This matches well with the difference in
escape cone losses predicted for each of the standard concentrators.
The photonic LSCs show highly direction emission within the structure showing similar
behavior as was seen in [2]. In addition, the intensity of the emitted light on the outside of
the photonic structure is significantly reduced for both photonic LSCs with luminophores
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Figure 6.5: Predicted escape cone losses for a photonic LSC with luminophores embedded in the
polymer (a) or titania (b) layer of the 1D Bragg stack.
embedded in the polymer and titania layers. However, it seems that the propagation of
the emitted light within the LSC is different for the two different LSCs. For luminophores
embedded in the polymer layer (Figure 6.4 (b) the greatest intensity of the electric field is in
the polymer layer as it propagates through the LSC. However, for luminophores embedded
in the titania layer (Figure 6.4 (c) the greatest intensity of the electric field is also in the
polymer layer even though it is emitting from the titania layer.
To quantitatively characterize the electric field intensity of the emitted light in the poly-
mer, titania, and air I integrated the total electric field intensity over each region. The
results of this integration are shown in Figure 6.5. As expected the fraction of electric
field intensity in the air decreases to a minimum for both photonic LSCs at the minimum
in escape cone losses. However, it also shows that approximately 55% of the guided light
propagates through the polymer layer independent of whether the emitter was embedded in
the polymer or titania layer of the photonic LSC.
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6.4 Conclusions
In this chapter we present a new design for a photonic LSC based on the structure of
a 1D Bragg stack. By embedding the luminophores in one set of layers within the stack
we increase the optical density of the photonic LSC compared to other cavity based con-
centrators and still observe highly directional emission. This highly directional emission
decreases the escape cone losses for the luminophores embedded in the polymer layer for
wavelengths greater than 500 nm with a maximum decrease of 36%. However, when the
luminophores are embedded in the titania layer the escape cone losses are only decreased
over a narrow spectral width from 475 - 500 nm. In general, this narrow bandwidth is not
wide enough to accommodate most luminophores that would be embedded in the LSC.
However, it is possible that embedding luminophores into the titania layer could be used
for luminophores with significant reabsorption losses, narrow emission bandwidths, and
low quantum yields as the probability of reabsorption losses is significantly reduced for
luminophores embedded in titania. The guided light in these two photonic LSCs appears
to propagate through the polymer layers of the stack as 55% of the emitted electric field







Thin films of LSCs have promising applications in building integrated photovoltaics
(BIPV) as a way to integrate solar harvesting into the facades of urban buildings [35].
With the careful choice of luminophore and polymer matrix these LSCs could provide a
method to achieve a semi-transparent energy harvesting glazing that could be incorporated
into both opaque and transparent building materials in order to produce a distributed power
generation system [4, 13, 14, 17, 35, 134, 135]. This glazing could also be integrated into
the existing window architecture as a glazing or panel within the inert gap of the outer
panes. This would likely give the concentrator a long life time as well as resistance to
weathering. Even in current building stock a thin film LSC coating could be useful as
a retrofit to existing windows or other building materials to harvest energy without sig-
nificantly altering the current architecture. In this chapter, I will discuss work that has
been done to create nanoscale LSCs using CdSe/CdS core/shell quantum dots embedded in
Poly(cyclohexylethylene).
For most cadmium based concentrators to date the quantum dots are embedded in
Poly(lauryl methacrylate). A drawing of the PLMA structure is shown in Figure 7.1 (a).
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Figure 7.1: (a) Chemical structure of PLMA. (b) Chemical structure of PCHE.
High quality dispersions of CdSe/CdS quantum dots in the LMA monomer and nonpolar
solvents are observed due to the interaction of the large carbon chain and the long chain
ligands of the CdSe/CdS quantum dots. This has achieved high quality LSCs with a strong
QY and little evidence of aggregation [57, 136–138]. While this polymer matrix produces
high performing LSCs, PLMA is not often used as a polymer in industrial thin film ap-
plications because it has a glass transition temperature of -65 ◦C unless it is cross-linked.
We have observed that films can be made from composites of CdSe/CdS and PLMA but
they are not resistant to weathering affects and can be easily wiped off due to its glassy
transition at room temperature.
Therefore, in this work we utilize poly(cyclohexylethylene) (PCHE) as the polymer
matrix for the thin film composites. PCHE (Figure 7.1 (b)) is a derivative of the commodity
polymer polystyrene where the benzene ring has been fully hydrogenated [139]. PCHE
should be significantly more stable at room temperature as its glass transition temperature
is 120 ◦C, which should reduce the damage that the LSC may experience as it heats up
under operation as well as reduce the damage from weathering effects.
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7.2 Methods
7.2.1 CdSe/CdS - PCHE Composite Fabrication
CdSe/CdS quantum dots were synthesized by Mayank Puri following the procedure
detailed in Section 2.3.1. After synthesis the quantum dots were dried and dispersed in a
known quantity of octane and a volume of this solution was added to pure octane such that
the concentration of QDs in octane was 0.75 mg/mL, 2.5 mg/mL, or 30 mg/mL.
PCHE was synthesized by Colin Peterson and provided in a powdered form. An initial
PCHE/octane solution was created at a concentration of 200 mg/mL and stirred for 2 hours
in order to ensure full dissolution of the PCHE in the octane. Then the concentrated solution
was run through an alumina plug to filter any polymer reaction byproducts or impurities.
After filtration, a volume of the concentrated solution was added to the the QD/octane
solution such that the PCHE was at a concentration of 60 mg/mL.
This final solution was then spun on 1 in x 1 in glass and silicon substrates using a
Laurell WS-650Mz-23NPPB spin coater. The solution was deposited onto the substrate
and then spun at 2000 RPM for 20 seconds with an acceleration of 500 RPM/s and then
500 RPM for 40 seconds with an acceleration of -500 RPM/s to complete the drying.
7.2.2 Variable Angle Spectroscopic Ellipsometry
The refractive index of the composite as well as the thickness was determined by spec-
troscopic ellipsometry using the Woolam Vase ellipsometer. Each of the films on the silicon
substrate were measured spectrally from 350 nm to 1000 nm and with angles of incidence
from 55◦ to 75◦ at three different location on the film. Then a Maxwell-Garnett effective
medium approximation was used to determine the refractive index using the refractive in-
dex of a pure PCHE film and the refractive index of the CdSe/CdS quantum dots extracted
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from absorption measurements. The Maxwell-Garnett EMA model is shown in the equa-
tion below.
eff = m
2δi (i − m) + i + 2m
2m + i − δi (i − m)
Where eff is the permittivity of the composite, i is the permittivity of the quantum dots,
m is the permittivity of PCHE, and δi is the volume fraction of the quantum dots in the
matrix.
7.2.3 Reflection and Transmission Measurements
Transmission and total reflection measurements were taken with a Cary 7000 UVvis
spectrometer. Transmission was measured at 180◦. Diffuse transmission and total trans-
mission were measured by measuring the incident light (T1), the light transmitted by the
sample (T2), the light scattered by the instrument (T3), and the light scattered by the sam-
ple and the instrument (T4). Then the total transmission and diffuse transmission were









Total reflection was measured by mounting the sample, tilted at 3◦ 10′ to the reflection
port of an integrating sphere within the diffuse reflectance accessory for the Cary 7000.
Diffuse reflectance was measured by mounting the sample at normal incidence to the re-
flection port of the integrating sphere. In this way specular reflection was calculated as the
subtraction of total and diffuse reflectance.
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7.2.4 Spatially-Resolved Measurements of Steady-State and
Time-Resolved Photoluminescence
Spatially-resolved measurements of steady-state and time-resolved photoluminescence
were measured by placing the glass samples on a nanopositioning stage and exciting with
a 405 nm laser light source. Using Labview the sample was translated 100 µm in each
lateral direction in steps of 5 µm and the emitted light was characterized with an Isoplane
spectrometer and PIXIS CCD for steady-state photoluminescence characterization or a sin-
gle photon avalanche diode and a time correlated single photon counting system for time-
resolved photoluminescence characterization. The raw data was analyzed in MATLAB
to extract important characteristics such as photoluminescence wavelength and radiative
lifetime.
7.3 Results and Discussion
Characterization of the refractive index as well as the transmission and reflection of
the thin film QD/PCHE composites are shown in Figure 7.2. At a loading fraction of 0.75
mg/mL there is no discernible change in the refractive index from the measured refractive
index of a reference PCHE film. However, as the concentration is increased up to 30 mg/mL
we observe a modification of the refractive index to show more characteristics of the QDs
and less of the bare PCHE film. The increase in refractive index at higher loading fractions
also increases the refractive index greater than the refractive index of the glass substrate (n
= 1.52), which will alter the optical transport in the thin film LSC. The change in optical
transport when the film has a refractive index less than or greater than the refractive index
of the glass substrate will be discussed in more detail below.
This increase in volume fraction and refractive index of the composite has significant
affects on the transmission and reflection properties of the composites. As the concentra-
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Figure 7.2: Real (solid) and imaginary (dashed) components of the refractive index (a), reflection
(b), and transmission (c) and (d) measurements for QD/PCHE composites at a loading fraction of
0.75 (blue), 2.5 (red), and 30 (green) mg/mL.
tion of the QDs increases within the PCHE composite we observe the oscillation of the
reflection and transmission spectra due to thin film interference effects. Along with this at
large loading fractions we observe an increase in the diffuse transmission of the composite.
The forward scattered light is likely due to an increase in scattering due to the large volume
fraction of QDs in the composite, which for 30 mg/mL is 10.5% by volume.
The concentration of the QDs within the PCHE composite will also have an impact
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Figure 7.3: Electric field intensity distribution showing the propagation of emitted light from a
QD-PCHE composite loaded at 2.5 mg/mL (a) and 30 mg/mL (b).
on the optical transport of the LSCs. Figure 7.3 shows the average electric field intensity
distribution for the PCHE composites loaded at 2.5 mg/mL (a) and 30 mg/mL (b). The
electric field intensity distribution is made up of the average electric field intensity of 3
unpolarized dipoles emitting at 630 nm and spaced evenly throughout the thickness of the
composite. When the refractive index of the composite is less than the refractive index
of the glass substrate (Figure 7.3 (a)) the electric field propagates freely into the glass
substrate. However, when the refractive index of the composite is greater than the refractive
index of the glass substrate (Figure 7.3 (b)) a portion of the emitted light is trapped within
the thin film. The emitted light that propagates through the thin film will have a long
path length through a highly concentrated composite, which could make it susceptible to
reabsorption losses. It is likely that there is an optimum loading fraction that balances the
increase in absorption of incident sunlight with the increase in reabsorption losses.
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Figure 7.4: Steady-state (a),(b) and time-resolved photoluminescence (c),(d) for QD/PCHE thin
films (a),(c) and QD/PLMA bulk composites (b),(d).
Figure 7.4 shows a comparison between the steady-state and time-resolved photolumi-
nescence properties of CdSe/CdS core/shell QDs embedded in a PCHE thin film or a bulk
PLMA composite. In both the PCHE and PLMA composites there is little change in the
photoluminescence wavelength of the QDs as it goes from the synthesized QDs in hexanes,
to the respective polymer precursor solution, and then finally the solid state.
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The time-resolved photoluminescence figures (Figure 7.4 (c) and (d)) show some dif-
ference between the PCHE and PLMA composites. To quantitatively compare the radiative






Where τ is the radiative lifetime and β is stretching exponent that describes how well the
decay matches a single exponential decay.
It appears that the lifetime of the QD/PCHE precursor solution shows a small decrease
in the lifetime as compared to the as-produced QDs in Hexanes from 18.2 ns to 14.7 ns
with a change in beta from 0.77 to 0.72. This drop is not as large as when incorporated into
the LMA solution where the lifetime changes from 22.6 to 20.0 ns and the beta changes
from 0.81 to 0.82. This is likely due to impurities on the produced PCHE that may interact
with the QY of the CdSe/CdS QDs. Further filtration steps may help to reduce this effect.
Even though there is a small drop in solution it appears that both the PCHE and PLMA
composites show approximately the same drop in lifetime from the solution to solid state
to 12.4 and 11.7 ns with a beta of 0.71 and 0.71 respectively. This has also been observed
in other polymer systems [135] with CdSe/CdS core/shell QDs. In total we observe that
the QDs do not red-shift significantly in the the PCHE composite and produce a composite
with a similar radiative lifetime as a composite with PLMA.
To further explore the optical homogeneity of the QD/PCHE composites spatially-
resolved measurements of steady-state and time-resolved photoluminescence measurements
were performed on the glass samples and each loading fraction. These results are summa-
rized in Figure 7.5. The photoluminescence wavelength data shows as slight redshift in
photoluminescence as a function of concentration. In addition to a slight red-shift, the ra-
diative lifetime also decreases as a function of loading fraction within the LSC from 12 ns
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Figure 7.5: Photoluminescence wavelength (a), (b), and (c) and radiative lifetime (d), (e), (f) data
for QD/PCHE thin films with a loading fraction of 0.75 (a) and (d), 2.5 (b) and (e), and 30 (c) and
(f) mg/mL.
to 9.5 ns at the largest loading fraction. A possible mechanism for this is the increased rate
of radiative and non-radiative energy transfer from one quantum dot to another may occur
as the QDs are brought closer together. This would likely reduce the QY of the composite
overall.
7.4 Conclusions
In this chapter I have demonstrated work done to fabricate CdSe/CdS core/shell QDs
embedded in PCHE a commodity polymer that could be advantages for BIPV installations.
The QDs disperse well in the PCHE film as evidenced by steady-state and time-resolved
photoluminescence measurements and they emit with similar optical properties as QD/-
PLMA composites that are often found in literature. As the loading fraction of the QDs in
the PCHE increases the refractive index of the composite takes on more of the characteris-
tic of the QD material as opposed to the PCHE. In addition, some non-ideal reflection and
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transmission properties are observed including diffuse scattering near the UV wavelengths.
However, this diffuse scattering should not significantly affect the visible transmittance of
the coating, but further study will be needed to determine the affect on LSC light guiding
properties. Finally, the increase in loading fraction also increases the refractive index of the
composite. When the refractive index of the composite is greater than the refractive index
of the substrate a portion of the emitted light becomes trapped within the thin film becoming
more susceptible to reabsorption losses. Further study is needed to determine the optimum





Reduced Light Scattering for
Luminescent Solar Concentrators
8.1 Introduction
In Chapters 4, 5, and 7 the optical transport of LSCs were studied using CdSe/CdS
core/shell quantum dots. However, for commercial applications CdSe/CdS is not an attrac-
tive luminophore due to its carcinogenic properties and relatively low abundance [140]. Si
QDs, as introduced in Section 2.3.2, are an attractive luminophore replacement for semi-
transparent, large-area LSCs due to their indirect, near-infrared emission [35, 91], low tox-
icity [92, 93], and widespread elemental abundance [14]. However, since Si QDs have
only recently been proposed for use in LSCs, little work has been completed to incorporate
them into polymer matrices. Ideally, methods should be developed to incorporate Si QDs
in a wide library of polymers while maintaining their high PLQY and suppressing parti-
cle agglomeration that leads to scattering losses [141]. As we demonstrate in this Chapter,
scattering losses can significantly affect the performance of large-area Si QD LSCs. We ex-
pect that all nanocrystal based composites will suffer from light scattering losses depending
on the loading fraction of the luminophore. Therefore, while we focus on modeling and
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characterizing the scatter behavior of Si LSCs, we expect the techniques and models used
in the Chapter to be relevant to other nanocrystal composites.
Limited reports indicate that Si QDs can withstand bulk polymerization in polymers in-
cluding poly(methyl methacrylate) (PMMA) [142,143], poly(dimethylsiloxane) [144], thi-
olene polymers [145], silicone elastomers [146], and polystyrene [147], as well as in silica
aerogels [148]. However, only one report provides significant evidence for low scattering
cross sections in bulk polymerized Si QD/polymer composites, wherein Si QDs were incor-
porated within flexible slabs of poly(lauryl methacrylate) crosslinked with ethylene glycol
dimethacrylate [14]. In terms of building-integrated LSC applications, however, PMMA
and polycarbonate have been noted as desirable host polymers due to their favorable me-
chanical properties and relatively low parasitic absorption [49, 50]. Herein, we focus on
incorporating Si QDs into PMMA, a commodity thermoplastic with high clarity and light
transmittance coupled with good strength, stability, and scratch resistance [149]. PMMA is
popular for optical and structural applications alike and is less expensive than polycarbon-
ate, making it an interesting polymer for Si QD encasement.
In this study, we prepare and examine the optical properties of Si QD/PMMA composite
slabs. We determine the effect of Si QD concentration on light scattering properties by ex-
amining loading fractions ranging from 0.06 to 0.50 wt %. Using a variety of spectroscopic
techniques, we also examine the effects of two different Si QD surface ligands on the trans-
mission and light scattering properties of these composites. The studied ligands include
a long alkane (1-dodecene) and an ester-functionalized alkane (methyl 10-undecenoate),
which has not previously been studied within the PMMA system. We find that the more
polar surface moieties enable a single-particle dispersion of Si QDs in methyl methacrylate,
or MMA, which translates to reduced light scattering by Si QDs in PMMA. Attenuation
measurements demonstrate the impact scattering has on the waveguide losses of the com-
posite slabs. These low scattering ester-capped Si QD/PMMA composites hold promise
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for realizing efficient, nontoxic, and large-area LSCs.
8.2 Results and Discussion
8.2.1 Scattering in Si QD LSCs
To illustrate the importance of decreasing scattering losses in Si QD-based LSC de-
vices, we employed a ray-tracing Monte Carlo model as described in Chapter 3 to predict
concentration factors under different scenarios. The concentration factor is an LSC fig-
ure of merit that depends on device geometry and light concentration performance. It is
defined as the geometric gain of the device (collection face area/concentration edge area)
multiplied by the fraction of incident light that is successfully concentrated to the collec-
tion edge. In Figure 8.1, we show some concentration factor predictions, comparing results
from 50% (a) or 100% (b) PLQY Si QDs with varying scattering probabilities. In all cases,
the LSCs are modeled to be 3 mm thick as this is the approximate thickness of common
window glass. The 50% PLQY model represents the currently achievable case based on
quantum yield measurements from our fabricated Si QD/PMMA composite slabs. The
incoming sunlight is modeled as normally incident for these results, which provides the
lower limit for the concentration factor since the addition of diffuse sunlight increases the
concentration factor at relevant concentrator tilts.
The predicted concentration factor may also be weighted for realistic operating con-
ditions. In Figure 8.2 we show the predicted concentration factor for LSCs tilted at 0◦
(horizontal), 45◦ (latitude), and 90◦ (vertical window) in Minneapolis, MN (45◦ N geo-
graphic latitude) as well as the predicted concentration factor for a LSC with only normally
incident sunlight. The direct normal irradiance (DNI) and diffuse horizontal irradiance
(DHI) for Minneapolis, MN are taken from Typical Meteorological Year data sets in the
National Solar Radiation Data Base and converted into incident solar energy per year and
square meter as a function of angle [150]. The total expected energy per year is shown in
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the legend of Figure 8.2 for each operating condition. With the expected angular distribu-
tion of incident sunlight, the average concentration factor is predicted for each operating
condition by weighting the Monte Carlo results by the incident angular distribution.
An isotropic scattering probability is included in the model and described in terms of
a characteristic scattering length. This is defined as the distance light travels such that the
fraction of incident light scattered is 1
e





where Ps is the probability of scattering, l is the distance traveled in meters, and ls is the
scattering length in meters.
Figure 8.1 (a) and (b) show the predicted concentration factors for LSCs with a 3 mm
thickness, a loading fraction of 0.1 wt %, different lateral sizes, and different scattering
lengths. Scattering can originate from various sources, including individual nanocrystals,
aggregates, and inhomogeneities within the polymer [51, 52]. In some cases, scattering
can be beneficial as either sunlight or luminescent light can be scattered directly into the
solar cell. However, this tends to only be useful for small concentrators. As the lateral
size increases, the effect of scattering becomes detrimental since it disrupts the propagation
of luminescent light toward the edge and increases escape cone losses. In general, for
large Si QD LSCs, significant concentration factor gains can be achieved by increasing
the scattering length/LSC size ratio from 0.01 to 1. Some further improvement in the
concentration factor is observed for ratios of up to∼ 100 for LSCs with side lengths greater
than ∼ 30 cm. In the case of perfectly dispersed ∼ 3 nm diameter Si QDs at a loading of
0.10 wt % we can analytically calculate the expected scattering length. This is calculated
using a quasi-static approximation where the size of the particle is much smaller than the











In the above equation r is the radius of the particle,  is the permittivity of the particle,
and m is the permittivity of the surrounding medium. Using the scattering cross section
we can calculate the scattering length of the LSC as a function of wavelength using the
assumption that the scattering length (l) is the distance traveled such that 1
e
of the incident
light is scattered. Therefore,
1 = CscaNl







In the above equation VF is the volume fraction of Si, which is estimated to be 0.0005 for
Si loaded at 0.1 wt %. The calculated scattering length as a function of nanoparticle radius
is shown in Figure 8.3 at a wavelength of 845 nm, which is the peak of the luminescence
spectra of the Si QDs. For our ∼ 3 nm diameter Si QDs at a loading of 0.10 wt % a scat-
tering length of 51 m is expected, which far exceeds the length scale required for window
applications.
Figure 8.1 (c) and (d) compare the fraction of absorbed photons that are either collected
at the edge (optical efficiency, also called optical quantum efficiency) or lost via various
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mechanisms for a 1m2 concentrator. The figures present the outcome only for photons that
are absorbed at least once in the LSC; sunlight that passes through the concentrator and
is neither absorbed nor collected is taken out of this calculation in order to show the loss
pathways clearly. The category absorbed loss represents light that is lost nonradiatively
after an absorption event. Reabsorption loss, in contrast, corresponds to light that experi-
ences at least two absorption events before also being lost nonradiatively. Scattered loss
includes emitted photons that exit out of the top or bottom face of the concentrator after
one or more scattering events, while escape cone loss includes photons exiting the same
way without any scattering event, but possibly after a reabsorption and reemission event.
While reabsorption is expected to be small in these concentrators, the large path lengths of
these 1 m x 1 m concentrators can lead to a significant amount of reabsorption. This leads
to increased reabsorption and escape cone losses for 50% PLQY Si QDs (Figure 8.1 (c)),
as well as increased escape cone losses for 100% PLQY Si QDs (Figure 8.1 (d)). If no
reabsorption was assumed, then the predicted escape cone losses would approach 25% for
large scattering lengths as expected for a single photoluminescence event (Figure 8.4).
These figures show that scattering is one of the most significant loss mechanisms that
limits the performance of these LSCs. In the case of 50% PLQY Si QDs, the largest loss
mechanism is absorbed loss deriving from the nonunity quantum yield. For scattering
lengths less than 0.1 m, light scattering is the second most dominant loss mechanism. This
loss does not become negligible until the scattering length exceeds 1 m, which is the side
length of the modeled LSC. Similar trends are exhibited in the 100% PLQY case, wherein
scattering is the primary loss mechanism for scattering lengths below approximately 0.1 m
for 1 m2 LSCs. These results indicate that long scattering lengths are required for efficient,
large-area LSCs. Strategies that reduce scattering losses may be more important than either
reducing reabsorption through luminophore design or reducing coupling of luminescent
light to the escape cone.
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8.2.2 Nanocomposite Fabrication
Si QD/PMMMA nanocomposites were fabricated by Samantha Hill and Uwe Kortsha-
gen in the Mechanical Engineering Department at the University of Minnesota. The sili-
con QDs were produced in a nonthermal plasma according to previously published meth-
ods [90] and were functionalized with one of two different ligands: methyl 10-undecenoate
(referred to as ester-Si QDs) or 1-dodecene (referred to as alkane-Si QDs). Methyl 10-
undecenoate is not a commonly reported ligand for Si QDs, but enables good suspensions
in polar solvents [152]. In contrast, 1-dodecene is frequently reported in the literature to
enable single-dot dispersions of Si QDs in nonpolar solvents [153]. These functionalized
Si nanoparticles were turned into composites at a variety of loading fractions and I char-
acterized the composites. The remainder of this chapter will focus on my characterization
and modeling.
8.2.3 Nanocomposite Scattering Properties
To quantitatively characterize the light scattering of these slabs, transmission and total
reflection spectra were measured from 400 to 1600 nm, as shown in Figure 8.5. Transmis-
sion and total reflection measurements were taken with a Cary 7000 UV-vis spectrometer.
Transmission was measured at 180◦, and the spectra were corrected for the transmission
of an undoped PMMA slab of the same thickness by using it as the 100% transmission
reference. Compared to the PMMA reference slab, transmission decreases either because
of Si QD absorption, which occurs for wavelengths less than 800 nm, or scattering, which
can occur over the entire wavelength range.
Since Si QD absorption is expected to be nearly zero above 800 nm, we focus initially
on the transmission of the near-infrared (NIR) light to discuss the scattering properties of
the Si QD/PMMA slabs. For every Si QD/PMMA slab we fabricated, light transmission
in the NIR region of the spectrum for the alkane-Si QD sample is significantly lower than
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the corresponding ester-Si QD sample. We expect that this is due to Si QD agglomera-
tion facilitated by the chosen surface species. Agglomeration leads to an increased number
of strong scattering centers based on the volume dependence of scattering. Such scatter-
ing sites can both forward and backward scatter the incident light within the concentrator,
which will decrease the transmittance measured by the detector positioned 180◦ from the
incident light beam.
The ester-Si QDs also retain high optical transmission in the PMMA matrix for much
higher loading fractions than the alkane-Si QDs. The ester-Si QDs retain high transmission,
near 100% for loading fractions up to 0.15 wt %. The alkane-Si QDs, in contrast, do not
have complete transmission in the NIR for even the lowest loading fraction of 0.06 wt
%. In addition, the ester-Si QDs with a loading fraction of 0.25 wt % still show a greater
NIR transmission than the alkane-Si QDs with a loading fraction of 0.06 wt %. These are
promising results for designs that require high absorptivity from the composite combined
with minimal agglomeration of the Si nanoparticles.
The total reflection spectra in Figure 8.5 (b) are used to assess the extent of scattering at
wavelengths shorter than 800 nm. Total reflection was measured by mounting the sample,
tilted at 3◦10′, to the reflection port of an integrating sphere within the diffuse reflectance
accessory for the Cary 7000. Scattering is important in this spectral range, as the Si QDs
exhibit broad photoluminescence from 650 - 950 nm. Total reflection measurements detect
contributions from specular reflection, diffuse reflection, and back scattering. The total re-
flection of our undoped PMMA slab is shown for reference in the solid black line in Figure
8.5 (b). For all of the nanocomposite samples, the total reflection spectra exhibit a com-
mon shape, featuring a maximum in the range of 580 - 700 nm, depending on the loading
fraction. Because the loading fractions of Si QDs are low, the nanocomposite is expected
to exhibit a refractive index and corresponding reflectivity following that of the PMMA
reference. As a result, we conclude that the high reflection from the nanocomposites in the
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visible region is due to backscattering from agglomerated Si QDs. At shorter wavelengths,
the Si QD absorption starts to dominate over the scattering cross section, leading to the
minimal reflection at 400 nm for all doped samples. The reflection minima present in all
samples in the near-infrared correspond to absorption overtones from the polymer matrix
(Figure 8.6).
For samples of the same loading fraction, the reflection data shows that ester-Si/PMMA
slabs have reduced reflection relative to the alkane-Si/PMMA slabs. Since the slab surfaces
exhibit similar specular reflection (Figure 8.7), we conclude that the large differences in
reflection are driven by agglomeration-induced scattering. Additionally, for PMMA slabs
with 0.06 and 0.10 wt % ester-Si QDs, no extra reflection was measured compared to the
undoped PMMA reference. These results suggest that good dispersions of the ester-Si QDs
in PMMA are achieved at loading fractions of 0.10 wt % or less. Some additional reflection
is present for the 0.15 wt % ester-Si QD/PMMA sample, which was not obvious in the NIR
transmission. The increased sensitivity of the total reflection measurement to scattering at
shorter wavelengths demonstrates the complementary nature of these two data sets.
The percentage haze shown in Table 8.1 is used to determine the scattering of light over
the visible spectrum, which is useful for future application as building integrated LSCs.
The haze of the composites, which is the fraction of transmitted light that is forward scat-
tered, was characterized using the ASTM D1003-13 standard [154]. Briefly, a Cary 7000
Universal Measurement Spectrophotometer with the diffuse reflectance accessory was used
to measure the incident light, the total light transmitted by the specimen, the light scattered
by the instrument, and the light scattered by the instrument and the specimen. These mea-
surements were taken over the wavelength range from 380 nm to 780 nm and weighted by
spectral power density of the CIE Standard Illuminate C. Then the percentage haze was




Alkane-Si: 0.06 wt% 50.0
Alkane-Si: 0.10 wt% 82.7
Alkane-Si: 0.15 wt% 98.7
Alkane-Si: 0.25 wt% 99.6
Alkane-Si: 0.50 wt% 99.4
Ester-Si: 0.06 wt% 7.7
Ester-Si: 0.10 wt% 9.9
Ester-Si: 0.15 wt% 23.6
Ester-Si: 0.25 wt% 52.7
Ester-Si: 0.50 wt% 98.6
Table 8.1: Percentage haze measured for PMMA reference, Alkane-Si / PMMA composites, and









where T1 is the incident light, T2 is the total light transmitted by the specimen, T3 is the
light scattered by the instrument, and T4 is the light scattered by the instrument and the
specimen. The Ester-Si / PMMA composites at 0.06 and 0.10 wt % loading fractions
show comparable percentage haze to the PMMA reference value of 7.7% and significantly
reduced haze compared to the Alkane-Si counterparts at the similar loading fractions.
Finally, we measured the attenuation of photoluminescence intensity as a function of
excitation distance from the edge, with these results shown in Figure 8.11. Attenuation was
measured using a 100 mW, 405 nm CW laser diode (Oxxius LBX-405-100-CIR-PP) as the
excitation source. The composite sample was mounted with its large face perpendicular to
the laser and its edge coupled to a 4 mm x 6 mm integrating sphere port. An OceanOptics
Flame spectrometer was used to measure the output PL as the excitation light was moved
in 0.5 mm increments away from the collection edge. The PL spectra were fit to a Gaussian
distribution to identify the peak. The intensity value at the peak of photoluminescence was
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corrected for the background measured in the range of 344 - 550 nm and then normalized
to the initial value when the excitation was located at the collection edge. The photolu-
minescence spectrum was corrected for the background intensity measured in the range of
344 - 550 nm, and then fit to a Gaussian distribution to identify the peak of the spectrum.
In order to produce the best fit, the data from 850 nm and longer in wavelength was re-
moved, as the sensitivity of the detector degrades rapidly after this point. The extracted
peak intensities were then averaged for data collected at the same position. This lead to an
average of 10 points at each position from 0.5 mm - 19.5 mm away from the edge, and an
average of 5 points per position at 0 mm and 20 mm away from the edge. The averaged
raw photoluminescence spectra, an example fit, and the averaged fitted photoluminescence
spectra are shown in Figures 8.8, 8.9, and 8.10 respectively.
These measurements probe the influence of light scattering on the trapped luminescent
photons. In Figure 8.11, the intensity at the wavelength of the peak of the photolumines-
cence spectrum at each excitation distance was divided by the intensity of the peak of the
photoluminescence spectrum at the point where the laser is incident closest to the integrat-
ing sphere. The overall shape of the attenuation of the photoluminescence as a function
of excitation position derives from the reduction in the solid angle of the collection port as
the excitation spot moves farther away, as well as waveguide losses such as reabsorption
and/or scattering. We expect the minor reabsorption effects to be mostly unaffected by the
choice of capping ligand, but to increase with increasing Si QD loading. We also expect to
observe changes in the scattering based on the agglomeration state for the different Si QD
surfaces and loading fractions.
The attenuation of photoluminescence due to the change is solid angle between the
emission source and the detector was calculated numerically using the ray-tracing program
Zemax. A 1.25 cm radius, 4.2 mm thick PMMA cylindrical disk was evaluated with a 4
mm by 6 mm rectangular detector placed 0.5 mm away from one edge of the disk. Then, a
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Sample Attenuation Length (mm)
Alkane-Si: 0.06 wt% > 25
Alkane-Si: 0.10 wt% 17.9
Alkane-Si: 0.15 wt% 7.8
Alkane-Si: 0.25 wt% 5.4
Ester-Si: 0.06 wt% > 25
Ester-Si: 0.10 wt% > 25
Ester-Si: 0.15 wt% > 25
Ester-Si: 0.25 wt% > 25
Ester-Si: 0.50 wt% 16.3
Table 8.2: Extracted attenuation lengths for Alkane-Si / PMMA composites and Ester-Si / PMMA
composites.
point source was scanned within the PMMA disk at the same locations of the attenuation
experiment and the intensity of photoluminescence on the detector was calculated. This is
shown in the black curve of Figure 8.11 (c). Good agreement of the distance dependent
features of the disk is observed. However, small differences between the model and the
experimentally measured data are to be expected. There is some uncertainty in the exper-
imental excitation location, both laterally and along the thickness, as the laser spot has a
finite width. Along with that the model uses a rectangular detector while the experimental
measurement uses an integrating sphere with a similar size rectangular port.
Normalizing by the predicted attenuation due to the change in solid angle it is possible
to observe the attenuation of the Si/PMMA composites due to reabsorption and scattering.
This allows for an extraction of the attenuation length of emitted photons within the Si/P-
MMA composites if the attenuation length is less than 25 mm. If the attenuation length is
greater than 25 mm then the photoluminescence does not decay enough to create an expo-
nential decay fit with high quality. The extracted attenuation lengths for the composites are
shown in Table 8.2.
Ester-Si QD/PMMA samples for loading fractions up to 0.10 wt % and alkane-Si QD/P-
MMA samples for loading fractions up to 0.06 wt % exhibit similar attenuation of the pho-
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toluminescence as the excitation distance from the collection edge increases to 2 cm. The
differences between the ligand treatments are more apparent at higher loading fractions,
where the ester-Si/PMMA samples exhibit effective collection of photoluminescence from
longer distances. The difference between the two sample sets increases with loading frac-
tion until the highest concentration sample at 0.50 wt %. The quality of the fit in this case
is reduced, however, since transmission through the slab is nearly zero after a distance of 4
mm. Because of this, we cannot characterize the attenuation effectively out to 20 mm and
do not include the 0.50 wt % samples in this analysis. Based on these results, we conclude
that ester-Si QDs result in longer photoluminescence propagation lengths and are more
useful for light concentrating applications when using PMMA as the polymer matrix.
8.2.4 Outlook for LSCs
Using a combination of the same ray-tracing Monte Carlo models as discussed in Figure
8.1 and modifying a quality factor analysis found in reference [44] to account for solar
cells on all sides and our experimental spectra, we make predictions about the limiting
performance and sizes of these concentrators. Modifying the quality factor analysis gives:
C =
b (1−R) (1− e−α1d) ηPLηtrap














In the above equation C is the concentration factor, Csat is the saturation concentration
factor, b and β are factors from reference [44] that account for collection of reemitted light
and an estimation factor of the waveguide efficiency respectively, and R is the reflection
off of the top of the LSC. α1 is the mean absorption coefficient weighted by the solar
spectrum. α2 is the mean attenuation coefficient over the photoluminescence region, which
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is the summation of the overlap between the absorppion and photoluminescence spectra and
the attenuation due to single particle scattering. L is the edge length of the concentrator
and d is the thickness of the concentrator, which is 4 mm for these predictions. Finally, ηPL
and ηtrap are the photoluminescence quantum yield and trapping efficiency respectively.
Using these equations, we can predict the saturation concentration factor as a func-
tion of Si QD loading as well as the saturation length, which is found at the intersection
of the predicted linear rise in concentration factor without attenuation and the saturation
concentration. The results of these calculations are presented in Figure 8.12.
Assuming that the Si nanocrystals are perfectly dispersed so that the only scattering
derives from the isolated nanocrystal scattering limit, we find that among the nanocrystal
concentrations we experimentally studied, a loading fraction of 0.10 wt % leads to the
highest concentration factor limits for both 50% and 100% quantum yield cases in 3 mm
thick devices. The concentration factor limit is estimated to be 21x for an 11 m concentrator
edge length with 50% PLQY, and 103x for a 26 m concentrator edge length with 100%
PLQY (Figure 8.12). If we instead consider devices scaled for a residential window (3
mm thick slab, 1 m edge length), then the optimal loading for a nonscattering LSC is 0.06
wt % with a PLQY of 50% and 0.1 wt % for QDs for a PLQY of 100% (Figure 8.13).
We also note that these 3 mm thick optimized devices have high visible light transmission,
slightly exceeding our experimental, 4.4 mm thick slabs as shown in Figure 8.5. From these
predictions, we expect that it is important to have a good dispersion of Si QDs in PMMA
for loading fractions up to 0.1 wt % for large LSC applications. However, the difference in
the quality of dispersions between ester-Si and alkane-Si composites is still useful at higher
loading fractions as other composite applications may have different loading requirements
due to different polymer thicknesses.
The characterization of these composites indicates that the ester-Si QD/PMMA com-
posites are well-suited for LSC applications, whereas the alkane-Si/PMMA composites
113
are not. At a loading fraction of 0.10 wt %, the ester-Si QD/PMMA composites have
transmission near 100% in the near infrared when adjusted for the extinction of a PMMA
reference, have total reflection properties that mimic the blank PMMA reference, and ex-
hibit improved photoluminescence propagation lengths when compared to the alkane-Si
QD/PMMA composites. The alkane-Si QD/PMMA composites exhibit significant scatter-
ing that leads to increased diffuse reflection, incomplete transmission of unabsorbed light,
and interrupted propagation of luminescent light toward the edge of the concentrator across
the range of loading fractions that are appropriate for large-area LSCs.
8.3 Conclusions
In this chapter we show simulations that demonstrate that scattering losses can signifi-
cantly reduce Si QD LSC performance. To reduce these losses we establish a strategy for
improving the dispersion of the Si QDs in PMMA compared to previously published meth-
ods. We find that using a ligand with some structural similarity to the repeating polymer
unit can facilitate the QD dispersion within the polymer matrix. In the Si QD / PMMA
system, the ester group in methyl 10-undecenoate is more similar to MMA than an analo-
gous unfunctionalized alkane. Correspondingly, ester-Si QDs exhibit improved dispersion
relative to alkane-Si QDs. The fine dispersion of ester-Si QDs within the monomer trans-
lates into a bulk polymer composite with lower scattering losses even at higher loading
fractions as compared to alkane-Si QD nanocomposites. The loading of Si QDs is not lim-
itless, however, as increased scattering is observable for even the ester- Si QD / PMMA
composites at and above 0.15 wt % Si. Based on concentration factor limit and Monte
Carlo models, we predict that a loading fraction up to 0.1 wt % is necessary to achieve
high concentration factors for window-scale concentrators made with 3 mm thick polymer
sheets. Therefore, we conclude that ester-Si / PMMA composites show good promise for




Figure 8.1: Simulated effect of scattering on Si QD LSC performance. The top row presents the
concentration factor for square LSCs of side lengths ranging from 2 cm (red) to 1 m (purple) with
a constant 3 mm thickness as a function of the scattering length to LSC side length ratio for a 0.1
wt % loading of Si QDs with (a) 50% or (b) 100% photoluminescence quantum yield. The bottom
row shows the fraction of absorbed photons that are either collected by the solar cell at the edge of
the concentrator or lost to various pathways for a 1 m2, 3 mm thick LSC with a 0.1 wt % Si QD
loading and either (c) 50% or (d) 100% photoluminescence quantum yield. Photons that pass
through the concentrator and are not absorbed are not shown here.
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Figure 8.2: Predicted concentration factor as a function of scattering length for a 1 m x 1 m
concentrator with a thickness of 3 mm, a loading fraction of 0.1 wt%, and photoluminescence QY
50%. Data is plotted for light at normal incidence (black) and at the expected angular profile when
it is horizontal (blue), tilted at the latitude angle (green), and tilted vertically for a south facing
window (red) in Minneapolis, Minnesota (45◦ N geographic latitude).
Figure 8.3: Calculated scattering length at 845 nm from Si spheres as a function of particle radius.
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Figure 8.4: Fraction of absorbed photons that are either collected by the solar cell at the edge of
the concentrator or lost to various path ways for a 1 m2, 3 mm thick LSC with a 0.1 wt% Si QD
loading, 100% photoluminescence quantum yield and no reabsorption of photoluminescent
photons.
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Figure 8.5: (a) Transmission at normal incidence and (b) total reflection of Si QD/PMMA
composites using either alkane-Si QD (dashed line) or ester-Si QDs (solid line) at weight
percentages ranging from 0.06 wt % (purple) to 0.50 wt % (red). Transmission is corrected by the
PMMA reference while the total reflection is not, but includes the total reflection of the PMMA
reference plotted in solid black line.
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Figure 8.6: Transmission spectrum of PMMA reference.
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Figure 8.7: Specular reflection for (a) ester-Si QD or (b) alkane-Si QDs at loading fractions
ranging from 0.06 wt % (purple) to 0.5 wt % (red). A PMMA reference is shown is black
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Figure 8.8: Luminescence intensity as a function of wavelength and distance from collection edge
for (left) ester-Si and (right) alkane-Si at a loading fraction of (a,b) 0.06 wt %, (c,d) 0.10 wt %,
(e,f) 0.15 wt %, (g,h) 0.25 wt %.
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Figure 8.9: Representative wavelength vs. photoluminescence spectrum (black dots) and
corresponding fit (blue line). Red dots correspond to photoluminescence data that was excluded
due to increasing noise after 850 nm from the detector.
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Figure 8.10: Gaussian fits of luminescence intensity as a function of wavelength and distance from
collection edge for (left) ester-Si and (right) alkane-Si at a loading fraction of (a,b) 0.06 wt %,
(c,d) 0.10 wt %, (e,f) 0.15 wt %, (g,h) 0.25 wt %.
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Figure 8.11: Attenuation of emitted light in Si QD/PMMA composites excited by a 405 nm laser
rastered from 0 to 20 mm from the collection edge. The peak emission intensity of attenuating light
through ester-Si QD/PMMA slabs (solid lines) and alkane-Si QD/PMMA slabs (dashed) is
measured for particle loading fractions from 0.06 wt % (purple) to 0.25 wt % (orange). A
calculation of the dependence of the solid angle for attenuation is shown in black.
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Figure 8.12: Predicted concentration factors as a function of side length for Si QDs loaded at 0.06
wt % (purple), 0.10 wt % (blue), 0.15 wt % (green), and 0.25 wt % (orange) and single particle
scattering. (a) shows optimal concentration factors for 50% photoluminescence quantum yield and
(b) shows optimal concentration factors for 100% photoluminescence quantum yield.
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Figure 8.13: Simulated concentration factor as a function of loading fraction for a 3 mm thick LSC




The purpose of this thesis is to show recent work performed to design, fabricate, and
characterize luminescent solar concentrators as well as nanophotonic designs to improve
light guiding in LSCs. We have designed spectrally-selective mirrors, reflective metasur-
faces, and modified the photonic local density of states in LSCs to control the optical trans-
port of the emitted light. We have also developed ray-tracing and analytical models to
predict the performance of LSCs with these different photonic designs. In addition to de-
sign and modeling efforts, we have also fabricated visibly transparent Si and CdSe/CdS
quantum dot polymer composites and characterized their properties for use as transparent
light harvesting designs in BIPV. Control of optical transport in both thin film and bulk
LSCs provides an exciting path way to improved light guiding in the concentrator design,
relaxed constraints on luminophores for LSCs, and possible implementation of LSC into
building integrated designs.
9.1 Summary
In Chapter 4 we designed a series of spectrally-selective top mirrors for LSCs to explore
how to optimally balance the transmission of incident sunlight with the reflection of emitted
light for different LSC parameters. This study determined that priority should be given to
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the transmission of incident light when the concentrators have a large loading fraction of
luminohpores, when the lateral size is small, or when there is significant overlap between
the absorption and emission spectra. Priority should be given to the reflection of emitted
light when the luminophore has high quantum yield, the loading fraction of luminophores is
lower, the lateral size is large, or there is low overlap between the absorption and emission
spectra. We also showed that emission weighted spectrally selective mirrors are necessary
for the highest overall concentration factors as they are favored when photon recycling
events occur to keep light within the concentrator.
Chapter 5 compares the performance predicted for photonic architectures that trap the
luminescent light within the LSC and shows the importance of coupling light into the total
internal reflection modes. In order to shift emitted light into TIR modes or modes with
directional propagation towards the solar cell, phase shifting reflective metasurfaces are
designed that reflect light according to generalized Snell’s law. Monte Carlo ray-tracing
calculations of LSCs with these reflective metasurfaces and wavelength-selective mirrors
on the top and bottom indicate that the use of mirrors that direct the emitted light would lead
to significantly higher concentration factors than a wavelength-selective mirror by itself or
a standard concentrator.
In Chapter 6 we designed another type of nanophotonic design to improve light guiding
in LSCs by modifying the photonic local density of states of the luminophores to achieve
highly directional emission. By embedding the luminophores in either the polymer or the
titania layer of a 1D Bragg stack we observe a reduction in the escape cone losses compared
to a standard open top concentrator for luminophores embedded in each of the layers within
the stack. Along with reduced escape cone losses we observe that most of the emitted light
propagates within the polymer layer for luminophores embedded in the polymer or titania
layer.
In Chapter 7 we fabricated well-dispersed CdSe/CdS core/shell QDs embedded in PCHE,
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a derivative of the commodity polymer polystyrene. These composites show little visi-
ble light scattering and have similar optical properties to QD/PLMA composites currently
found in literature. This fabrication process provides a pathway for high quality nanoscale
LSCs, which will open up exciting optical techniques and designs to control the optical
transport in thin film LSCs.
Finally, 2e investigate the optical properties of Si QD / PMMA composites in Chap-
ter 8. By utilizing a ligand that has structural similarity to the repeat unit in PMMA we
achieve composites with no visible light scattering for luminophore loading fractions of
0.06 and 0.10 wt%. In general, the scattering properties of the ester-Si / PMMA compos-
ites are significantly reduced compared to alkane-Si / PMMA composites, which leads to
reduced visible haze, diffuse reflection, and longer attenuation lengths. These studies show
that ester-Si / PMMA composites may be attractive for future low-scattering window-scale
LSCs.
9.2 Outlook
9.2.1 Optics of Nanoscale Thin Film LSCs
The ability to coat LSCs through thin film processing methods is very advantageous for
the implementation of LSC technology in currently underutilized areas for solar harvesting.
However, these progressively thinner LSCs cannot be effectively modeled by ray-tracing
methods. As the thickness of the LSCs approach the wavelength of the absorbed and emit-
ted light, the interaction between the light and the LSC structure must be modeled with
wave-optics methods as described in Chapter 6. Therefore, to fully model the properties
of nanoscale LSCs, new models must be created that combine the FDTD and Monte Carlo
ray-tracing method to accurately model the behavior of the thin film as well as the propa-
gation of light throughout the full concentrator.
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The combined FDTD ray-tracing model will provide a method to answer many cur-
rently unanswered questions for how the properties of LSCs change when the thickness is
on the order of the wavelength of light. As the thickness of the concentrator decreases the
quantum dots embedded within the concentrator will have a significantly large impact on
the refractive index of the composite as opposed to the bulk concentrator. In Chapter 7 we
observed an increase in refractive index up to 0.1 for loading fraction up to 30 mg/mL. The
modification of the thin film refractive index will likely affect the emission properties of the
QDs within the composite. Further study of this modification may provide further insight
into the best loading fractions and substrates required for efficient light guiding within the
design.
While these thin film LSCs may be advantageous for implementation of LSC technol-
ogy, they will likely absorb only a small fraction of the incident solar spectrum due to their
reduced optical density. Therefore, designs that improve the absorption within the lumines-
cent film will likely be need to achieve maximum concentration factors. When designing
a structure for this purpose it is likely important to retain the visible transmittance of the
LSC as this would likely be utilized in an application where transparency is important. A
possible method to improve absorption within the thin film LSC is to apply a dielectric
metasurface to the back of the thin film. An example of a possible metasurface is shown in
Figure 9.1. A dielectric metasurface, unlike the metallic metasurfaces described in Chapter
5, uses a periodic array of dielectric materials in order to control the phase of the reflected
light. The use of dielectrics reduces the losses due to luminophore metal quenching and
may be able to retain their transparency over the visible spectrum. In study of these meta-
surfaces it will be important to also study the affect of the metasurface on emitted light
guiding as the best metasurface may not be the one that allows the LSC to absorb the
most light. It will be important to balance the affect of the metasurface on incident light
absorption and emitted light guiding.
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Figure 9.1: Schematic of dielectric metasurface embedded into thin film LSC.
9.2.2 Fabrication of Tandem LSCs
While LSCs can effectively downshift and concentrate light onto solar cells mounted
at the edge when photonic designs are utilized, the total light guided is still limited by
the absorption spectrum of the luminophore. Tandem LSCs present a possible solution
to expand the incident sunlight that can be converted into electricity. These LSCs can be
configured in multiple ways including a LSC layered on top of a silicon solar cell [138],
a stack of LSCs separated by an air gap [155, 156], and a stack of thin film LSCs on a
substrate [157].
CdSe/CdS core/shell quantum dots and Si quantum dots make an advantageous pair
of luminophores as CdSe/CdS quantum dots efficiently convert UV light to approximately
630 nm, while the Si QDs can absorb light with lower energies and convert to light around
850 nm. Fabrication of this tandem structure should be simple as preliminary experiments
have shown that thin films of Si / PMMA can be deposited using a doctor blade approach
with polar solvents and the CdSe/CdS PCHE thin films can be deposited using spin coating
with nonpolar solvents. A schematic of this design is shown in Figure 9.2. This orthogonal
solvent approach should allow for deposition of unique composites without interpenetration
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Figure 9.2: Schematic of CdSe/CdS and Si tandem LSC
of the QD material. Further studies are necessary to determine how the thickness of each
layer, optical density, and configuration of the stack affect the absorption and waveguiding
efficiency of the LSC.
9.2.3 Fabrication of High and Low Refractive Index Stack to Control
Luminophore Emission
As shown in Chapter 6 directional emission can be achieved by embedding luminophores
in the layers of a photonic design. Successful fabrication of these designs would provide
a pathway toward a high OD concentrator with improved light guiding, which would be
advantageous in applications that require thin film LSCs. However, the fabrication of these
designs is not trivial and some fabrication issues must be solved to create high quality
photonic LSCs. Even though the CdSe/CdS core/shell quantum dots are resistant to high
temperature they are likely not resistance to the temperatures required for evaporation de-
position of high refractive index materials. Therefore, all-solution based processing may
be the best pathway toward a photonic LSC. However, sol-gel processes to produce the
titania, which would likely serve as the high refractive index layer, give relatively low re-
fractive indices without exposure to high temperatures. A study of film refractive index for
different sol-gel processes to produce dielectrics of high refractive index may give insight
on methods to produce high refractive index materials at room temperature.
Preliminary experiments of stacked CdSe/CdS in PCHE and titania films have showed
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a significant increase in the reflection and scattering compared to what would be expected
theoretically for the thin film stack. This anomalous reflection and scattering may reduce
the light that can be absorbed by the concentrator and the light that can be guided to the
edge respectively, which would be detrimental to performance. Studies that characterize the
roughness, refractive index, and thickness of the stacked structures should provide insight
on the best practices to produce uniform stacked structures.
9.3 Conclusions
Recently luminescent solar concentrators have seen a resurgence in research as new
luminophores have been created and photonic designs have been implemented to work to-
wards reducing the cost per Watt of solar technology. Controlling the optical transport of
incident and emitted light will continue to play a key role in designing concentrators that ef-
fectively concentrate light. This work has developed design criteria for spectrally-selective
top mirrors and reflective metasurfaces to trap and guide the emitted light over to the edge,
while transmitting enough of the solar spectrum to be absorbed be the concentrator. While
this criteria was developed for CdSe/CdS core/shell particles, it should be transferable to
other dye and QD systems. In addition, we have shown the ability to control scattering
losses in Si / PMMA concentrators by changing the surface of the Si QD, which reduce
losses in large area Si based concentrators. This work shows that through careful control of
the light transport through LSCs significant gains in the concentration factor are observed,
providing a pathway for utilizing tailored nanophotonic designs improve LSC performance
in a variety of applications.
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A Attenuation Measurement Setup
In the current iteration of the photoluminescence attenuation experiment the sample is
excited by a high power fiber-coupled LED light source at 400 nm. The optical fiber is
attached by Thor labs posts to a 50 mm compact motorized translation stage from Thor-
Labs. The emitted light from the LSC that is guided to the edge enters a 1.25” x 4 mm
hole in an integrating sphere for collection. The collected light passes through a 405 low
pass filter and into an optical fiber for an OceanOptics Flame spectrometer to measure the
photoluminescence. A photograph of the attenuation experiment is shown in Figure 1.
When performing the measurement the sample is scanned from approximately 3.5 mm
away from the integrating sphere port (see Figure 2) to the edge of the sample. Prior to the
measurement, the photoluminescence spectrum is collected at a few locations near the far
edge of the sample to determine an integration time required to observe the photolumines-
cence at all excitation locations and figure out how far out to scan on the sample. If the
excitation source overlaps with the edge of the sample too much then the intensity of the
photoluminescence spectrum will increase due to scattering effects at the edge, which will
give unphysical results. When the bounds of the experiment are determined a LabView
program is used to perform the measurement. For most measurements I use a step size of
0.5 mm, 5 sweeps forwards and backwards, and a wait time of 5 seconds between each
measurement. The wait time is important to ensure that the measurement is not taken while
the stage is moving, which will cause the spectra to be a combination of multiple different
149
Figure 1: Photograph of attenuation experiment.
excitation locations.
150
Figure 2: Photograph of attenuation experiment showing how close the the excitation source can
approach the integrating sphere.
151
B Ellipsometry Raw Data
152





  Amp1.1          0.55353±0.00309 
  Wvl01.1         1.5224±0.00436 
 
nm n k  
350 1.51094573 0 
360 1.51094529 0 
370 1.51094488 0 
380 1.51094451 0 
390 1.51094416 0 
400 1.51094385 0 
410 1.51094355 0 
420 1.51094327 0 
430 1.51094302 0 
440 1.51094278 0 
450 1.51094255 0 
460 1.51094235 0 
470 1.51094215 0 
480 1.51094197 0 
490 1.51094179 0 
500 1.51094163 0 
510 1.51094148 0 
520 1.51094133 0 
530 1.5109412 0 
540 1.51094107 0 
550 1.51094095 0 
560 1.51094083 0 
570 1.51094072 0 
580 1.51094062 0 
590 1.51094052 0 
600 1.51094043 0 
610 1.51094034 0 
620 1.51094026 0 
630 1.51094017 0 
640 1.5109401 0 
650 1.51094002 0 
660 1.51093995 0 
670 1.51093989 0 
680 1.51093982 0 
690 1.51093976 0 
Generated and Experimental
Wavelength (nm)





































0   si_jell      1 mm
1   genosc 358.320 nm
153
700 1.5109397 0 
710 1.51093965 0 
720 1.51093959 0 
730 1.51093954 0 
740 1.51093949 0 
750 1.51093944 0 
760 1.5109394 0 
770 1.51093936 0 
780 1.51093931 0 
790 1.51093927 0 
800 1.51093923 0 
810 1.5109392 0 
820 1.51093916 0 
830 1.51093912 0 
840 1.51093909 0 
850 1.51093906 0 
860 1.51093903 0 
870 1.510939 0 
880 1.51093897 0 
890 1.51093894 0 
900 1.51093891 0 
910 1.51093888 0 
920 1.51093886 0 
930 1.51093883 0 
940 1.51093881 0 
950 1.51093879 0 
960 1.51093876 0 
970 1.51093874 0 
980 1.51093872 0 
990 1.5109387 0 
1000 1.51093868 0 
1010 1.51093866 0 
1020 1.51093864 0 
1030 1.51093862 0 
1040 1.51093861 0 
1050 1.51093859 0 
1060 1.51093857 0 
1070 1.51093855 0 
1080 1.51093854 0 
1090 1.51093852 0 
1100 1.51093851 0 
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0   si_jell      1 mm
1   ema pche/1.03% cdse7cds_nk_extract469.323 nm
 
MSE=15.77 
  Thick.1         469.323±0.415 
  EMA2.1          1.03±0.103 
 
nm n k  
400 1.5195844 0.00310514006 
405 1.51959008 0.00303526452 
410 1.51959795 0.00296711071 
415 1.51961179 0.00289951917 
420 1.51962991 0.00283149522 
425 1.51965362 0.00275987783 
430 1.51967964 0.00268383909 
435 1.5197068 0.00260791334 
440 1.51973638 0.00252629485 
445 1.51976939 0.00244142978 
450 1.51980627 0.00235318349 
455 1.51984664 0.00225395729 
460 1.51988547 0.00214306582 
465 1.51992212 0.00202265609 
470 1.5199559 0.00188969528 
475 1.51998334 0.00173914012 
480 1.51999299 0.0015659289 
485 1.51997104 0.00137834326 
490 1.51991564 0.00119462293 
495 1.51982938 0.00102520897 
500 1.51972095 0.00088178058 
505 1.51959916 0.000772583217 
510 1.51948061 0.000697615551 
515 1.51937751 0.000647405702 
520 1.51929325 0.000606223022 
525 1.51922014 0.000560936155 
530 1.51915068 0.000514729432 
535 1.51908188 0.000467139235 
540 1.51901083 0.000423499413 
545 1.51894077 0.000384058807 
550 1.51887023 0.0003466627 
555 1.51879644 0.000313280887 
557 1.51876593 0.000302799573 
559 1.51873562 0.000294518062 
561 1.51870523 0.000286674033 
155
563 1.51867455 0.000281563178 
565 1.51864504 0.000280601102 
567 1.51861742 0.000281638259 
569 1.51859197 0.000284731187 
571 1.51856933 0.000289982399 
573 1.51854978 0.000295825859 
575 1.5185333 0.000301231322 
577 1.51851994 0.000307262887 
579 1.51851016 0.000309719038 
581 1.51850222 0.000309337185 
583 1.51849509 0.00030519535 
585 1.51848778 0.000297320245 
587 1.51847926 0.000285970926 
589 1.51846797 0.000270742384 
591 1.5184524 0.000254935279 
593 1.51843387 0.000240291731 
595 1.51841281 0.000227317495 
597 1.5183895 0.000216286593 
599 1.51836348 0.000207655918 
601 1.51833635 0.000205825749 
603 1.51831004 0.000209126062 
605 1.51828569 0.00021721608 
607 1.51826485 0.000230219402 
609 1.51824917 0.000245014725 
611 1.51823778 0.000261842796 
613 1.51823098 0.000279691873 
615 1.51822987 0.000296767203 
617 1.5182351 0.000310537931 
619 1.51824399 0.000320181253 
621 1.51825589 0.000325181128 
623 1.51827026 0.000322665033 
625 1.51828485 0.000313130309 
627 1.51829825 0.000297377437 
629 1.51830936 0.000274349912 
631 1.51831423 0.000245506955 
633 1.51831449 0.0002140273 
635 1.51831014 0.000180386508 
637 1.51829725 0.000147269403 
639 1.51828056 0.000118453306 
641 1.51826085 9.2849919e-005 
643 1.51823747 7.01953036e-005 
645 1.51821292 5.37470942e-005 
647 1.51818791 4.11787984e-005 
649 1.51816382 3.18426882e-005 
650 1.51815197 2.7701365e-005 
660 1.51804847 1.17692135e-005 
670 1.51797011 9.59766535e-006 
680 1.51790515 8.52055083e-006 
690 1.51784899 8.69551881e-006 
700 1.51779884 8.88469808e-006 
710 1.51775315 8.83811357e-006 
720 1.5177121 9.26574828e-006 
730 1.5176747 8.74876135e-006 
740 1.51763953 8.55592607e-006 
750 1.51760487 8.25749299e-006 
775 1.51753213 1.05069721e-005 
800 1.51747326 7.98003254e-006 
825 1.51741372 3.21675278e-006 
850 1.51736343 2.06903633e-006 
875 1.5173192 2.41939636e-006 
900 1.51727859 1.17585042e-006 
925 1.51723798 9.64768226e-007 
950 1.51719716 7.52645763e-007 
975 1.51715636 5.39482615e-007 












































0   si_jell      1 mm
1   ema pche/1.05% cdse7cds_nk_extract469.273 nm
 
MSE=16.12 
  Thick.1         469.273±0.415 
  EMA2.1          1.0535±0.104 
 
nm n k  
400 1.51978171 0.00317612704 
405 1.51978752 0.00310465416 
410 1.51979558 0.00303494242 
415 1.51980974 0.00296580589 
420 1.51982827 0.0028962271 
425 1.51985253 0.0028229728 
430 1.51987915 0.00274519608 
435 1.51990693 0.00266753494 
440 1.51993719 0.00258405092 
445 1.51997097 0.00249724611 
450 1.52000869 0.00240698279 
455 1.52004999 0.00230548856 
460 1.52008971 0.00219206228 
465 1.5201272 0.00206890005 
470 1.52016176 0.00193289971 
475 1.52018982 0.00177890265 
480 1.52019971 0.00160173133 
485 1.52017725 0.00140985668 
490 1.52012059 0.00122193556 
495 1.52003236 0.00104864781 
500 1.51992145 0.000901939774 
505 1.51979688 0.000790245442 
510 1.51967563 0.000713563474 
515 1.51957017 0.000662205435 
520 1.51948399 0.000620081041 
525 1.51940921 0.000573758713 
530 1.51933816 0.000526495548 
535 1.51926779 0.000477817321 
540 1.51919511 0.000433179798 
545 1.51912346 0.00039283751 
550 1.5190513 0.000354586482 
555 1.51897583 0.000320441526 
557 1.51894462 0.000309720591 
559 1.51891362 0.000301249744 
561 1.51888254 0.00029322638 
563 1.51885115 0.000287998663 
565 1.51882097 0.000287014553 
567 1.51879272 0.000288075373 
569 1.51876669 0.000291238954 
157
571 1.51874354 0.000296610152 
573 1.51872354 0.000302587136 
575 1.51870668 0.000308116118 
577 1.51869302 0.000314285515 
579 1.51868301 0.000316797787 
581 1.51867489 0.000316407193 
583 1.51866759 0.000312170683 
585 1.51866012 0.000304115578 
587 1.5186514 0.000292506855 
589 1.51863986 0.000276930245 
591 1.51862393 0.000260761845 
593 1.51860498 0.000245783593 
595 1.51858344 0.000232512805 
597 1.5185596 0.000221229767 
599 1.51853298 0.000212401811 
601 1.51850523 0.000210529784 
603 1.51847833 0.000213905495 
605 1.51845342 0.000222180376 
607 1.5184321 0.000235480852 
609 1.51841607 0.000250614288 
611 1.51840442 0.000267826931 
613 1.51839746 0.000286083919 
615 1.51839632 0.000303549486 
617 1.51840167 0.000317634937 
619 1.51841077 0.000327498662 
621 1.51842293 0.000332612825 
623 1.51843763 0.000330039252 
625 1.51845256 0.000320286644 
627 1.51846627 0.000304173775 
629 1.51847764 0.00028061999 
631 1.51848261 0.000251117854 
633 1.51848288 0.000218918752 
635 1.51847843 0.000184509118 
637 1.51846525 0.000150635134 
639 1.51844818 0.000121160456 
641 1.51842801 9.49719157e-005 
643 1.5184041 7.17995418e-005 
645 1.51837899 5.49754191e-005 
647 1.51835341 4.21198846e-005 
649 1.51832877 3.2570406e-005 
650 1.51831664 2.83344372e-005 
660 1.51821079 1.20381743e-005 
670 1.51813064 9.81699591e-006 
680 1.5180642 8.71526367e-006 
690 1.51800675 8.89422743e-006 
700 1.51795546 9.08772741e-006 
710 1.51790872 9.04007621e-006 
720 1.51786674 9.4774809e-006 
730 1.51782849 8.94867849e-006 
740 1.51779251 8.75143514e-006 
750 1.51775706 8.44618113e-006 
775 1.51768267 1.07470579e-005 
800 1.51762245 8.16237495e-006 
825 1.51756156 3.29025402e-006 
850 1.51751011 2.11631225e-006 
875 1.51746488 2.47467717e-006 
900 1.51742334 1.20271718e-006 
925 1.5173818 9.86811806e-007 
950 1.51734005 7.69842483e-007 
975 1.51729832 5.51808789e-007 












































0   si_jell      1 mm
1   ema pche/0.787% cdse7cds_nk_extract471.610 nm
 
MSE=16.57 
  Thick.1         471.610±0.383 
  EMA2.1          0.78651±0.0962 
 
nm n k  
400 1.5175405 0.00236999981 
405 1.51754477 0.00231666648 
410 1.51755073 0.00226464703 
415 1.51756126 0.00221305607 
420 1.51757505 0.00216113465 
425 1.51759311 0.00210647001 
430 1.51761294 0.00204843067 
435 1.51763363 0.00199047762 
440 1.51765617 0.00192817953 
445 1.51768133 0.00186340337 
450 1.51770944 0.00179604637 
455 1.51774021 0.00172030903 
460 1.51776981 0.00163566878 
465 1.51779774 0.00154376439 
470 1.51782349 0.00144228118 
475 1.5178444 0.00132737022 
480 1.51785175 0.00119516893 
485 1.51783495 0.00105199856 
490 1.51779263 0.00091177968 
495 1.51772677 0.000782480446 
500 1.51764399 0.000673014141 
505 1.51755102 0.000589673767 
510 1.51746052 0.000532458167 
515 1.51738181 0.000494138047 
520 1.51731749 0.000462707127 
525 1.51726165 0.000428143071 
530 1.51720861 0.000392876566 
535 1.51715608 0.000356553818 
540 1.51710183 0.000323246055 
545 1.51704834 0.000293143183 
550 1.51699448 0.000264600614 
555 1.51693815 0.00023912191 
557 1.51691486 0.000231122085 
559 1.51689171 0.00022480131 
561 1.51686851 0.000218814438 
563 1.51684509 0.000214913749 
565 1.51682256 0.00021417975 
567 1.51680147 0.000214971723 
569 1.51678204 0.000217332824 
159
571 1.51676476 0.0002213413 
573 1.51674984 0.000225801806 
575 1.51673725 0.000229927964 
577 1.51672706 0.000234531989 
579 1.5167196 0.00023640688 
581 1.51671353 0.000236115515 
583 1.51670808 0.000232954163 
585 1.5167025 0.000226943222 
587 1.51669598 0.000218280438 
589 1.51668736 0.00020665668 
591 1.51667547 0.000194591339 
593 1.51666132 0.000183414145 
595 1.51664525 0.000173511137 
597 1.51662745 0.000165091473 
599 1.51660758 0.000158503906 
601 1.51658686 0.000157107167 
603 1.51656678 0.000159626529 
605 1.51654819 0.000165801881 
607 1.51653227 0.000175727566 
609 1.5165203 0.000187021066 
611 1.5165116 0.000199866146 
613 1.51650641 0.00021349053 
615 1.51650556 0.000226524249 
617 1.51650956 0.000237035464 
619 1.51651634 0.000244396151 
621 1.51652542 0.000248212425 
623 1.51653638 0.000246291684 
625 1.51654752 0.000239013597 
627 1.51655774 0.000226989202 
629 1.51656622 0.000209412089 
631 1.51656992 0.000187396126 
633 1.51657012 0.000163367617 
635 1.51656679 0.000137689541 
637 1.51655695 0.000112411238 
639 1.5165442 9.0415894e-005 
641 1.51652915 7.08727996e-005 
643 1.51651131 5.35804881e-005 
645 1.51649257 4.10255276e-005 
647 1.51647347 3.14321033e-005 
649 1.51645509 2.43058081e-005 
650 1.51644604 2.11447127e-005 
660 1.51636701 8.98360167e-006 
670 1.51630717 7.32606027e-006 
680 1.51625759 6.50390337e-006 
690 1.51621469 6.63747996e-006 
700 1.51617641 6.78190301e-006 
710 1.5161415 6.74636054e-006 
720 1.51611017 7.07280084e-006 
730 1.51608162 6.67818396e-006 
740 1.51605475 6.53099954e-006 
750 1.51602829 6.30320825e-006 
775 1.51597274 8.02033894e-006 
800 1.51592777 6.09145699e-006 
825 1.5158823 2.45547545e-006 
850 1.51584388 1.57938207e-006 
875 1.51581012 1.84683094e-006 
900 1.51577908 8.97579954e-007 
925 1.51574809 7.36452955e-007 
950 1.5157169 5.74531164e-007 
975 1.51568575 4.11814257e-007 
1000 1.51565441 2.4830177e-007 
 
160







  Thick.1         431.103±0.844 
  EMA2.1          10.882±0.259 
 
nm n k  
350 1.60417511 0.0420820635 
355 1.60383524 0.0410960571 
360 1.60356459 0.0401555837 
365 1.60334886 0.0392625717 
370 1.60320258 0.0383967319 
375 1.60307568 0.0375330746 
380 1.60300636 0.0367035129 
385 1.60296793 0.035887921 
390 1.60295831 0.0350847919 
395 1.6029768 0.0342852477 
400 1.60301121 0.0334970892 
405 1.60308048 0.0327440068 
410 1.60317319 0.0320096507 
415 1.60332952 0.0312818221 
420 1.60353186 0.0305496204 
425 1.60379474 0.0297790277 
430 1.60408277 0.0289608063 
435 1.60438289 0.0281437625 
440 1.60470943 0.0272653374 
445 1.60507315 0.0263519688 
450 1.60547864 0.0254021969 
455 1.60592233 0.024333929 
460 1.60634999 0.0231393693 
465 1.60675429 0.0218416281 
470 1.607128 0.020407904 
475 1.60743299 0.0187835354 
480 1.60754646 0.0169133541 
485 1.60731876 0.0148864788 
490 1.60672871 0.0129003577 
Generated and Experimental
Wavelength (nm)








































0   si_jell      1 mm
1   ema pche/10.9% cdse7cds_nk_extract431.103 nm
161
495 1.60580356 0.0110683305 
500 1.60463775 0.0095170475 
505 1.60332677 0.00833571567 
510 1.6020502 0.00752442993 
515 1.60093988 0.00698091342 
520 1.60003278 0.00653535107 
525 1.59924663 0.00604594411 
530 1.59849994 0.00554687445 
535 1.59775983 0.00503309527 
540 1.59699552 0.00456203441 
545 1.59624199 0.00413639202 
550 1.59548326 0.00373292146 
555 1.59468973 0.00337279357 
557 1.59436159 0.00325968504 
559 1.59403557 0.00317027611 
561 1.59370877 0.00308559 
563 1.59337884 0.0030303313 
565 1.59306153 0.00301973891 
567 1.59276451 0.00303067697 
569 1.59249084 0.00306375155 
571 1.59224736 0.00312006695 
573 1.59203694 0.00318277358 
575 1.59185956 0.00324078814 
577 1.59171585 0.00330556079 
579 1.59161061 0.00333189742 
581 1.59152529 0.00332771926 
583 1.59144882 0.0032831011 
585 1.59137055 0.00319832386 
587 1.59127915 0.00307616798 
589 1.5911581 0.00291226876 
591 1.59099093 0.00274212488 
593 1.59079197 0.00258448962 
595 1.59056584 0.00244480709 
597 1.59031543 0.0023260257 
599 1.59003589 0.0022330543 
601 1.58974438 0.00221321427 
603 1.58946176 0.00224854544 
605 1.58920013 0.00233537962 
607 1.58897622 0.00247504716 
609 1.58880779 0.0026339997 
611 1.58868534 0.00281482274 
613 1.58861211 0.00300664676 
615 1.58859995 0.00319019423 
617 1.58865611 0.00333827292 
619 1.58875162 0.00344201896 
621 1.58887954 0.00349587863 
623 1.58903428 0.00346896136 
625 1.58919151 0.00336658436 
627 1.58933593 0.00319733319 
629 1.58945585 0.00294983411 
631 1.58950858 0.00263974681 
633 1.58951186 0.00230127257 
635 1.58946553 0.00193953687 
637 1.58932732 0.00158340415 
639 1.58914824 0.00127352455 
641 1.58893647 0.000998203423 
643 1.58868519 0.000754603392 
645 1.5884213 0.000577746761 
647 1.58815248 0.00044261642 
649 1.58789364 0.000342244105 
650 1.58776618 0.000297723995 
660 1.58665517 0.000126456707 
670 1.58581451 0.000103102872 
680 1.58511675 9.15163851e-005 
690 1.58451468 9.33819556e-005 
700 1.58397619 9.54010623e-005 
710 1.58348672 9.48895625e-005 
720 1.58304611 9.94701765e-005 
730 1.58264461 9.39110404e-005 
740 1.58226825 9.183273e-005 
750 1.58189625 8.86215935e-005 
775 1.58111686 0.000112742344 
800 1.58048635 8.56146394e-005 
825 1.5798488 3.4505975e-005 
850 1.57931047 2.21915917e-005 
875 1.57883617 2.59464423e-005 
900 1.57840177 1.26089104e-005 
925 1.57796637 1.03443473e-005 
950 1.57752985 8.06910346e-006 
975 1.57709243 5.78317877e-006 









  Thick.1         428.005±0.786 
  EMA2.1          10.835±0.243 
 
nm n k  
350 1.60376886 0.0418956682 
355 1.60343044 0.0409140465 
360 1.60316093 0.0399777515 
365 1.60294611 0.0390887041 
370 1.60280043 0.0382267045 
375 1.60267404 0.0373668765 
380 1.60260498 0.0365409899 
385 1.60256668 0.0357290096 
390 1.60255706 0.0349294357 
395 1.60257542 0.0341334295 
400 1.60260964 0.0333487578 
405 1.60267857 0.0325990057 
410 1.60277083 0.0318678961 
415 1.60292644 0.0311432825 
420 1.60312785 0.0304143136 
425 1.60338953 0.0296471215 
430 1.60367625 0.0288325113 
435 1.60397501 0.0280190738 
440 1.60430007 0.0271445266 
445 1.60466214 0.0262351903 
450 1.60506579 0.0252896114 
455 1.60550748 0.0242260616 
460 1.6059332 0.0230367818 
465 1.60633567 0.0217447802 
470 1.60670768 0.0203174013 
475 1.60701127 0.018700227 
480 1.60712419 0.0168383367 
485 1.60689745 0.0148204555 
490 1.60630997 0.0128431535 
495 1.60538889 0.0110192645 
500 1.60422823 0.0094748741 
505 1.60292304 0.0082987927 
510 1.60165212 0.00749111418 
515 1.60054671 0.00695001516 
520 1.59964361 0.00650643329 
Generated and Experimental
Wavelength (nm)








































0   si_jell      1 mm
1   ema pche/10.8% cdse7cds_nk_extract428.005 nm
163
525 1.59886094 0.00601919855 
530 1.59811754 0.00552234244 
535 1.59738071 0.00501084076 
540 1.59661977 0.00454186763 
545 1.59586957 0.00411811117 
550 1.59511419 0.00371642769 
555 1.59432416 0.00335789472 
557 1.59399747 0.00324528732 
559 1.59367289 0.00315627473 
561 1.59334753 0.00307196403 
563 1.59301906 0.00301695074 
565 1.59270315 0.00300640644 
567 1.59240744 0.00301729745 
569 1.59213498 0.00305022717 
571 1.59189258 0.00310629502 
573 1.59168308 0.00316872579 
575 1.59150649 0.00322648508 
577 1.59136341 0.00329097251 
579 1.59125863 0.00331719339 
581 1.5911737 0.00331303406 
583 1.59109756 0.00326861316 
585 1.59101963 0.00318421037 
587 1.59092863 0.00306259392 
589 1.59080812 0.00289941841 
591 1.59064168 0.00273002591 
593 1.5904436 0.00257308688 
595 1.59021847 0.00243402139 
597 1.58996917 0.00231576481 
599 1.58969086 0.00222320439 
601 1.58940063 0.00220345277 
603 1.58911926 0.00223862897 
605 1.58885878 0.00232508103 
607 1.58863586 0.00246413342 
609 1.58846818 0.00262238566 
611 1.58834627 0.00280241187 
613 1.58827336 0.00299339042 
615 1.58826126 0.00317612868 
617 1.58831717 0.00332355424 
619 1.58841225 0.00342684241 
621 1.58853961 0.003480464 
623 1.58869367 0.00345366468 
625 1.58885021 0.0033517384 
627 1.58899399 0.00318323296 
629 1.58911338 0.00293682486 
631 1.58916587 0.00262810491 
633 1.58916914 0.0022911234 
635 1.58912301 0.00193098316 
637 1.58898541 0.00157642135 
639 1.58880712 0.00126790863 
641 1.58859628 0.000993801884 
643 1.58834611 0.000751276256 
645 1.58808338 0.000575199614 
647 1.58781574 0.000440665191 
649 1.58755805 0.000340735478 
650 1.58743116 0.000296411665 
660 1.58632504 0.000125899492 
670 1.58548808 0.000102648679 
680 1.58479339 9.11133194e-005 
690 1.58419398 9.29707486e-005 
700 1.58365785 9.4981033e-005 
710 1.58317054 9.44718471e-005 
720 1.58273187 9.90323551e-005 
730 1.58233214 9.3497738e-005 
740 1.58195743 9.142862e-005 
750 1.58158707 8.82316579e-005 
775 1.5808111 0.000112246393 
800 1.58018337 8.52380939e-005 
825 1.57954863 3.43542418e-005 
850 1.57901266 2.20940242e-005 
875 1.57854045 2.58323824e-005 
900 1.57810795 1.25534892e-005 
925 1.57767447 1.02988856e-005 
950 1.57723987 8.03364565e-006 
975 1.57680436 5.75776923e-006 








  Thick.1         431.909±1.5 
  EMA2.1          9.6688±0.449 
 
nm n k  
350 1.59369912 0.0372848686 
355 1.59339663 0.036411657 
360 1.59315555 0.0355786831 
365 1.59296323 0.0347876811 
370 1.5928325 0.0340206604 
375 1.59271898 0.033255545 
380 1.59265654 0.0325205685 
385 1.59262152 0.0317979336 
390 1.59261205 0.0310863096 
395 1.59262752 0.0303778329 
400 1.59265713 0.0296794307 
405 1.59271769 0.0290120752 
410 1.59279905 0.0283612935 
415 1.59293681 0.0277162374 
420 1.59311534 0.0270672703 
425 1.5933475 0.0263842402 
430 1.59360191 0.0256590013 
435 1.59386706 0.0249348119 
440 1.59415557 0.0241562331 
445 1.59447701 0.0233466837 
450 1.59483545 0.0225048713 
455 1.59522766 0.0215580743 
460 1.5956056 0.0204994371 
465 1.59596282 0.0193494429 
470 1.59629289 0.0180790399 
475 1.59656203 0.0166398295 
480 1.59666145 0.0149830039 
485 1.59645867 0.0131875536 
490 1.59593503 0.0114283356 
495 1.59511471 0.00980568084 
500 1.59408134 0.00843171956 
505 1.59291949 0.00738545761 
510 1.5917882 0.00666696475 
515 1.59080426 0.00618563368 
520 1.59000037 0.00579101952 
Generated and Experimental
Wavelength (nm)








































0   si_jell      1 mm
1   ema pche/9.67% cdse7cds_nk_extract431.909 nm
165
525 1.58930364 0.00535750352 
530 1.58864186 0.00491539314 
535 1.58798591 0.0044602226 
540 1.5873085 0.00404288839 
545 1.58664065 0.00366578096 
550 1.58596818 0.00330830355 
555 1.58526485 0.00298922391 
557 1.58497401 0.00288901209 
559 1.58468506 0.00280980256 
561 1.5843954 0.00273477713 
563 1.58410296 0.00268583222 
565 1.58382173 0.0026764739 
567 1.58355847 0.00268619666 
569 1.5833159 0.00271553795 
571 1.5831001 0.00276547642 
573 1.5829136 0.00282107739 
575 1.58275638 0.00287251696 
577 1.58262901 0.00292994386 
579 1.58253573 0.0029532987 
581 1.5824601 0.00294960411 
583 1.58239231 0.00291006351 
585 1.58232292 0.00283492668 
587 1.58224189 0.00272665897 
589 1.58213458 0.00258139257 
591 1.58198638 0.00243059366 
593 1.58181001 0.00229088314 
595 1.58160956 0.00216708607 
597 1.58138758 0.00206181578 
599 1.58113978 0.00197942413 
601 1.58088138 0.00196185744 
603 1.58063085 0.00199319561 
605 1.58039894 0.00207018753 
607 1.58020046 0.00219401232 
609 1.58005116 0.0023349299 
611 1.57994263 0.00249523256 
613 1.57987773 0.00266528403 
615 1.57986697 0.00282799351 
617 1.57991677 0.00295925429 
619 1.58000144 0.00305121122 
621 1.58011484 0.00309894192 
623 1.58025201 0.00307506443 
625 1.58039137 0.0029842959 
627 1.58051937 0.00283424956 
629 1.58062565 0.00261484507 
631 1.58067236 0.00233996754 
633 1.58067524 0.00203993136 
635 1.58063414 0.00171927845 
637 1.58051161 0.00140359571 
639 1.58035285 0.00112891246 
641 1.58016511 0.000884861271 
643 1.57994235 0.000668926908 
645 1.57970842 0.00051215498 
647 1.57947012 0.000392369681 
649 1.57924066 0.000303394556 
650 1.57912767 0.00026392927 
660 1.57814274 0.000112106868 
670 1.57739744 9.140578e-005 
680 1.57677884 8.11357283e-005 
690 1.57624505 8.27913917e-005 
700 1.57576762 8.45830631e-005 
710 1.57533364 8.41309667e-005 
720 1.57494298 8.8193551e-005 
730 1.574587 8.32657719e-005 
740 1.57425328 8.14240864e-005 
750 1.57392344 7.8577901e-005 
775 1.57323236 9.99676219e-005 
800 1.57267327 7.5915343e-005 
825 1.57210793 3.05974432e-005 
850 1.57163056 1.96782796e-005 
875 1.57120998 2.30082395e-005 
900 1.57082475 1.11812263e-005 
925 1.57043865 9.1732088e-006 
950 1.57005153 7.15566144e-006 
975 1.56966362 5.12858358e-006 
1000 1.5692747 3.09197296e-006 
 
166
